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ABSTRACT
The e n e rg ie s ,  w id th s , and r e l a t i v e  y ie ld s  o f  muonic and p io n ic  
3
K - s e n e s  x ra y s  in  l i q u i d  He have been  m easured fo r  th e  f i r s t  t im e . As 
a  r e s u l t  o f  th e  ex cess  o f  p ro to n s  o v e r  n e u tro n s  in  t h i s  n u c le u s , th e  r e ­
s u l t s  a f f o r d  an i n t e r e s t i n g  t e s t  o f  th e o ry .
The muonic Ka  (2p -*■ I s )  and Kg (3p -*■ I s )  t r a n s i t i o n  e n e rg ie s  
were m easured p r im a r i ly  a s  a  t e s t  o f  th e  e x p e rim e n ta l te c h n iq u e , s in c e  
th e y  a re  a c c u r a te ly  p r e d ic te d  t h e o r e t i c a l l y .  The p io n ic  Ka  and Kg t r a n ­
s i t i o n  e n e rg ie s  were found to  be
Ej, ( 3He) = 10 .695  +o*o29 keV> 
a
^  ( 3He) = 12.671 keV.
P
By com paring th e s e  r e s u l t s  to  th e  e n e rg ie s  p r e d ic te d  from p u re ly  
e le c tro m a g n e tic  in te r a c t io n s  th e  p io n ic  l s - s t a t e  s tro n g  i n t e r a c t io n  s h i f t  
was found to  be  -1+3 eV. T h is r e s u l t  i s  compared w ith  p r e d ic t io n s  
b a sed  on a  phenom enolog ical o p t i c a l  model p o t e n t i a l ,  and agreem ent i s  
found f o r  one s e t  o f  p u b lis h e d  o p t i c a l  p a ra m e te rs .
3
The n a tu r a l  w id th s  o f  th e  y K , ttK , and irKfi x - ra y  l i n e s  in  He(X Ot p
w ere a ls o  d e te rm in e d . The muonic w id th  i s  u n o b se rv ab ly  s m a ll ,  a s  e x p e c te d , 
w h ile  th e  irK and irK0 w id th s  in d ic a te  a  n a tu r a l  b ro ad en in g  o f  th e  p io n ica  p
I s  s t a t e  o f
r i s ( 3He) = 8 9 + 6 7  eV. 
v i
The p io n ic  x - ra y  y i e l d s ,  in t e r p r e te d  by an atom ic c a scad e  c a lc u la t io n ,
in d ic a te  t h a t  th e  s tro n g  i n te r a c t io n  b ro ad en in g  o f  th e  p io n ic  2p s t a t e
3 Uo f  He i s  l e s s  th a n  0 .001  eV. He y i e ld  r e s u l t s  were a ls o  exam ined; th e
-U2 p - s ta te  a b s o rp t io n  w id th  was found to  be betw een 3 x 10 eV and 
8 x 10-1+ eV.
A d e ta i l e d  com parison w ith  o p t i c a l  model and tw o-nucleon  c a p tu re  
th e o r ie s  i s  p re s e n te d .
v i i
I .  INTRODUCTION
The experim en t d e s c r ib e d  in  t h i s  p ap e r had  two o b je c t iv e s :
( l )  t o  m easure th e  e n e rg ie s  and w id th s  o f  p io n ic  and muonic He K -s e r ie s
x ra y s  and to  compare th e  m easurem ents w ith  t h e o r e t i c a l  p r e d i c t i o n s ;  ( 2 )
to  o b ta in  and i n t e r p r e t  m easurem ents o f  r a d i a t i v e  y ie ld s  from p io n ic  and 
3
muonic He atom s.
B efo re  t h i s  experim en t no a tte m p t had been  made to  o b se rv e  th e
3 3He x r a y s ,  p e rh ap s  b ecause  o f  th e  d i f f i c u l t y  in v o lv e d  in  u s in g  He as a
t a r g e t .  A la r g e  q u a n t i ty  o f  t h i s  r a r e  is o to p e  o f  h e lium  was made a v a i l ­
a b le  t o  u s ,1 and a  system  was c o n s tru c te d  to  l iq u e f y  and c o n ta in  i t .  The
3
l iq u i d  He made a  sm a ll b u t  s u f f i c i e n t l y  dense t a r g e t  f o r  s to p p in g  mesons 
and o b se rv in g  th e  r e s u l t a n t  x r a y s .
3
The e n e rg ie s  and w id th s  o f  p io n ic  and muonic He x ra y s  were 
m easured and compared w ith  t h e o r e t i c a l  p r e d ic t io n s  p r im a r i ly  i n  o rd e r  to  
de te rm ine  th e  s ig n  and m agnitude o f  th e  p io n ic  l s - s t a t e  s tro n g  in t e r a c ­
t i o n  s h i f t .  The e le c tro m a g n e tic  c o n tr ib u t io n s  to  th e  e n e rg ie s  and w id th s  
o f  th e  m esonic s t a t e s  a re  w e ll  known. The n o n -e le c tro m a g n e tic  (weak) 
i n t e r a c t io n  o f  th e  muon w ith  th e  n u c le u s  i s  so sm a ll t h a t  i t s  e f f e c t s  on 
th e  muonic s t a t e s  co u ld  n o t be o b se rv ed  e x p e r im e n ta l ly . The p io n -
n u c le u s  s tro n g  i n t e r a c t io n  has been  p r e d ic te d  t o  have a  m easu rab le  e f f e c t  
3
on th e  He e n e rg ie s  and w id th s ;  t h i s  e f f e c t  i s  o b se rv ed  by  com paring th e  
m easured t r a n s i t i o n  e n e rg ie s  and l e v e l  w id th s  w ith  th e  t h e o r e t i c a l  e le c ­
tro m a g n e tic  v a lu e s .
1
2W ith in  th e  l a s t  decade m easurem ents have been perfo rm ed  in  many
elem en ts in  o rd e r  t o  b e t t e r  d e f in e  th e  n a tu re  o f  th e  low energy  i n t e r a c -
2
t io n  betw een p io n s  and n u c le i .  (See t h e  rev iew  a r t i c l e s  by B ackenstoss
O
and Burhop . )  The r e s u l t s  have been  u se d  to  de te rm ine  e f f e c t i v e  p a ram ete rs
1).
fo r  an o p t i c a l  model p o t e n t i a l  d e s c r ib e d  by K r e l l  and E r ic s o n . The 
p a ram ete rs  in  th e  E ric so n  o p t i c a l  model p o te n t ia l ,  may be determ ined  i n  two 
ways. E x p e rim en ta l r e s u l t s  may be f i t t e d  to  th e  model to  o b ta in  th e  e f f e c ­
t i v e  p a ra m e te rs , a s  m entioned  above, o r  a l t e r n a t e l y ,  th e  o p t ic a l  param­
e t e r s  may be e x p re sse d  i n  term s o f  b a s ic  p io n -n u c leo n  s c a t t e r in g  and p io n  
p ro d u c tio n  p a ra m e te rs . These t h e o r e t i c a l  o p t i c a l  p a ram ete rs  may th e n  be  
compared w ith  th e  e f f e c t iv e  p a ra m ete rs  d e r iv e d  from experim en ts  to  check 
th e  v a l i d i t y  o f  th e  d e r iv a t io n .
3
He o ccu p ies  a  un ique  p o s i t io n  in  t h a t  th e  p io n ic  ground s t a t e  
energy  s h i f t ,  a c co rd in g  t o  some o p t ic a l  p o t e n t i a l  c a lc u la t io n s ,  shou ld  be 
a t t r a c t i v e  r a t h e r  th an  r e p u ls iv e  as i t  i s  in  a l l  o th e r  low and medium Z 
e lem en ts .
The m easured n a tu r a l  w id th s  o f  th e  n- K (2 o - l s ) and n-Ka ( 3 o - l s )a  P
3
l in e s  in  He a re  u sed  to  d e te rm in e  th e  l s - s t a t e  a b s o rp tio n  r a t e .  T h is 
r a t e  may be c a lc u la te d  from  th e  o p t i c a l  model o r  from a  tw o-nucleon  cap ­
tu r e  m odel. D e ta ile d  c a lc u la t io n s  o f  th e  tw o-nucleon  a b s o rp t io n  p ro c e s s
3 5 6have been made s p e c i f i c a l l y  f o r  He. * I t  i s  p o s s ib le  t h a t  t h i s  approach  
may r e v e a l  more in fo rm a tio n  l in k in g  th e  p io n -n u c le o n  and p io n -n u c le a r  i n ­
t e r a c t io n s  th a n  th e  o p t ic a l  m odel, which u ses  a  g lo b a l  d e s c r ip t io n  o f  
th e  n u c le u s .
The second p u rpose  o f  t h i s  ex p erim en t was to  o b ta in  and i n t e r -
3
p r e t  m easurem ents o f  r a d i a t i v e  y ie ld s  i n  He. These y ie ld s  w ere re p ro ­
duced by an atom ic cascade  c a lc u la t io n  w hich d e te rm in es  th e  m esonic p a th
3from a  g iven h ig h  en erg y  l e v e l  th ro u g h  a l l  p o s s ib le  t r a n s i t i o n s  u n t i l  
decay o r  n u c le a r  c a p tu re  o c c u rs . The e le c tro m a g n e tic  e f f e c t s  i n  th e  
cascade  c a lc u la t io n  in c lu d e  e l e c t r i c  d ip o le  r a d i a t i v e  t r a n s i t i o n s ,  ex­
t e r n a l  Auger t r a n s i t i o n s ,  and S ta rk  m ix ing . P a r t i c l e  decay a n d , fo r  
p io n s ,  n u c le a r  c a p tu re  a re  a ls o  in c o rp o ra te d .
kA bso lu te  and r e l a t i v e  x - ra y  y ie ld s  in  He o b ta in e d  i n  an
7
e a r l i e r  e x p e rim e n t1 w ere ana ly zed  u s in g  th e  cascade, c a lc u la t io n .  The
Auger and S ta rk  m ix ing  pa ram ete rs  r e s u l t i n g  from  t h i s  a n a ly s is  p ro v id e d
3
c o n s t r a in t s  on th e  c o rre sp o n d in g  p a ra m e te rs  f o r  th e  He c a lc u la t io n .  In
It
a d d i t io n  th e  p io n ic  2 p - s t a te  w idth i n  He, w hich was n o t d i r e c t l y  m easu red , 
was deduced from  th e s e  c a lc u la t io n s .
S e c tio n  I I  o f  t h i s  p aper c o n ta in s  a  d e s c r ip t io n  o f  t h e  th e o r ie s  
which p r e d ic t  th e  e n e rg ie s  and w id th s  o f  t h e  K -s e r ie s  muonic and p io n ic
3
t r a n s i t i o n s  i n  He.
S e c tio n  I I I  in c lu d e s  d e s c r ip t io n s  o f  th e  v a r io u s  a s p e c ts  o f  th e
e x p e rim en ta l s e tu p :  th e  c ry o g e n ic s  system  n e c e s s a ry  f o r  th e  l i q u e f a c t io n
3
and m ain tenance o f  th e  He t a r g e t ;  th e  c o u n te r  a r ra y  which u s e s  th e  s c in ­
t i l l a t i o n  p r o p e r t ie s  o f  h e lium  to  h e lp  d e f in e  s to p p in g  m esons; and th e  
e le c t r o n ic s  system  in c lu d in g  th e  h ig h  r e s o lu t io n  S i (L i)  s p e c tro m e te r . A 
b r i e f  d e s c r ip t io n  o f  th e  e x p e rim e n ta l p ro ce d u re  i s  a ls o  g iv e n .
The d a ta  a n a ly s i s  i s  d e ta i le d  in  S ec . IV , and th e  r e s u l t i n g  
v a lu e s  fo r  t h e  e x p e rim e n ta l e n e rg ie s ,  w id th s ,  and r e l a t i v e  y i e l d s  in
3
muonic and p io n ic  He sure p re s e n te d .
S e c tio n  V c o n ta in s  a  d e s c r ip t io n  o f  th e  atom ic cascad e  c a lc u la -
3
t i o n  which p ro d u ces  y ie ld s  t o  be compared w i th  th e  e x p e rim e n ta l He and 
UHe y i e ld s .
hIn  S ec. VI th e  t h e o r e t i c a l  energy  and w id th  p r e d ic t io n s  a re  
compared w ith  th e  e x p e rim e n ta l m easurem ents. S u g g es tio n s  a re  made r e ­
g a rd in g  p o s s ib le  e x te n s io n s  o f  t h i s  e x p e rim e n t.
I I .  THEORY
A. In tro d u c tio n
The p rim e o b je c t iv e  o f  t h i s  experim en t i s  to  e x p lo re  th e  p io n -
_  3
n u c leu s  i n t e r a c t i o n ,  s p e c i f i c a l l y  th e  TT -  He s tro n g  i n t e r a c t i o n .  B efo re
in fo rm a tio n  on t h i s  i n t e r a c t io n  can be e x t r a c te d  th e  e f f e c t  o f  o th e r
_ 3
fo rc e s  o p e ra t in g  i n  th e  ir -  He system  mu3t  be exam ined.
A m esic  atom i s  form ed when a  p io n  o r  muon slow s down in  th e
3
l i q u i d  He and i s  a to m ic a l ly  c a p tu re d  i n to  a  bound s t a t e  o f  h ig h  e x c i t a ­
t i o n ,  r e p la c in g  one o f  th e  h e liu m  e le c t r o n s .  The o th e r  e le c t r o n  i s  
q u ic k ly  e je c te d  by th e  Auger e f f e c t ,  le a v in g  a  p o s i t i v e l y  charged  h y d ro -  
g e n ic  m esonic atom . Even w ith o u t th e  lo s s  o f  b o th  e l e c t r o n s ,  th e  low er 
energy  l e v e l s  in  h e lium  would be v e ry  w e l l  approx im ated  by h y d rogen ic  wave 
fu n c t io n s ,  s in c e  a l l  m esonic o r b i t s  below  p r in c ip a l  quantum number 17 
( f o r  p io n s )  o r  lU ( f o r  muons) a re  in s id e  th e  I s  e le c t r o n ic  Bohr o r b i t .
Thus i t  i s  a p p ro p r ia te  in  f i r s t  app ro x im atio n  to  d e s c r ib e  th e  m esonic 
l e v e l s  o f  ^He as Bohr energy  l e v e l s .
The u n p e rtu rb e d  l e v e l  and t r a n s i t i o n  e n e rg ie s  were c a lc u la te d  
as d e s c r ib e d  i n  S ec . B o f  t h i s  c h a p te r .  S e c s . C and D d e s c r ib e  th e  c o r ­
r e c t io n s  made to  th e s e  q u a n t i t i e s  to  acco u n t f o r  f i n i t e  n u c le a r  s iz e  and 
vacuum p o l a r i z a t i o n .  The muon i n t e r a c t s  o n ly  w eakly (and  e le c tro m a g n e t-
i c a l l y )  w ith  th e  n u c le u s , as i s  i l l u s t r a t e d  by com paring th e  m uonic He 
8 3I s  c a p tu re  r a t e ,  oi^ = l .U  x  10 / s e c . , t o  th e  p r e d ic te d  p io n ic  I s  c a p tu re
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65 x6r a t e ,  u)  ^ = 3 x  10 / s e c .  Thus th e r e  i s  no s ig n i f i c a n t  s h i f t  i n  th e  muonic 
t r a n s i t i o n  energy  due t o  n o n -e le c tro m a g n e tic  e f f e c t s . The s tro n g  i n t e r ­
a c t io n  fo rc e  s h i f t  f o r  th e  p io n ic  energy  s t a t e s  i s  c a lc u la te d  i n  Sec . E.
The w id th  o f  a  s t a t e  can he  a t t r i b u t e d  t o  th e  im ag in a ry  p a r t  o f  
a  complex energy
E = En + AE = E + AE + iAETU U K x
where E^ i s  th e  u n p e rtu rb e d  energy  o f  th e  s t a t e  and AE i s  th e  complex p e r ­
tu r b a t io n .  The s u b s c r ip ts  R and I  r e f e r  to  th e  r e a l  and im ag inary  p a r t s  
o f  th e  p e r tu r b a t io n ,  r e s p e c t iv e ly .  The p r o b a b i l i t y  d e n s ity  f o r  f in d in g  
th e  meson in  th e  s t a t e
<|>(x,t)a ex p (-riE t/f i)
a t  tim e  t  i s  g iv en  by:
2AE_t/fi —U) , tI . 2 1 I  _ absI<f>. |ot e = e ,
w here U) , i s  th e  a b s o rp t io n  r a t e .  The n a tu r a l  w id th , T . ,  i s  th u s  g iven  abs - * n a t  °
"by
T = -2AE .n a t  abs I
The t r a n s i t i o n s  re c o rd e d  i n  t h i s  experim en t a re  a l l  K -s e r ie s  
t r a n s i t i o n s .  We a re  t h e r e f o r e  on ly  i n t e r e s t e d  i n  th e  I s  s t a t e  and th e  
lo w -ly in g  p s t a t e s .  The p s t a t e s  have n a tu r a l  w id th s  due t o  e le c tro m ag ­
n e t i c  t r a n s i t i o n s  from  th e s e  s t a t e s  as  w e ll  as a b s o rp t io n  by th e  n u c leu s  
and decay o f  th e  m eson, w h ile  th e  I s  s t a t e  h as  a  n a tu r a l  w id th  due to  
a b s o rp t io n  and decay o n ly . In  p io n ic  He th e  l s - s t a t e  w id th  i s  a p p ro x i­
m ate ly  f iv e  o rd e rs  o f  m agnitude l a r g e r  th a n  th e  p s t a t e  w id th , so t h a t
7th e  m easured n a tu r a l  w id th  o f  a  K -s e r ie s  t r a n s i t i o n  can be a t t r i b u t e d
e n t i r e l y  to  l s - s t a t e  b ro ad e n in g . F u r th e r ,  th e  s tro n g  in t e r a c t io n  o f  th e
_ 3
p io n  w ith  t h e  n u c leu s  i s  th e  o n ly  s ig n i f i c a n t  c o n t r ib u to r  t o  th e  ir -  He
l s - s t a t e  b ro ad e n in g . T h is b ro ad en in g  and th e  c o rre sp o n d in g  s h i f t  a re  c a l ­
c u la te d  in  S ec . E o f  t h i s  c h a p te r .
The b ro ad en in g  o f  t h e  muonic l s - s t a t e  due t o  weak n u c le a r  cap­
tu r e  10 ^  eV) i s  s m a lle r  th a n  t h a t  due to  muon decay (^  3 x lO - "^  eV );
n e i t h e r  cou ld  be m easured i n  t h i s  e x p e rim en t.
B. U npertu rbed  T r a n s i t io n  E n e rg ie s
The u n p e rtu rb e d  energy  o f  a  m esonic s t a t e  f o r  a  p o in t  n u c leu s  
i s  g iv en  ap p ro x im ate ly  by th e  Bohr fo rm ula :
En = -mc2 (Z a)2/2 n 2
where n i s  th e  p r in c ip a l  quantum num ber, m i s  th e  reduced  mass o f  th e
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m eson— He system , Z i s  th e  a tom ic number o f  h e liu m , and a  i s  th e  f in e  
s t r u c tu r e  c o n s ta n t .  The D irac  e q u a tio n  ( f o r  muons) o r  K lein-G ordon equa­
t i o n  ( f o r  p io n s )  m ust be u sed  i f  r e l a t i v i s t i c  e f f e c t s  a re  t o  be in c lu d e d . 
The D irac  e q u a tio n  e ig e n v a lu e  i s  a s  fo l lo w s :
(Z a)JE = E < 1 + n , j  n
j  = I  + s ,  where % i s  th e  o r b i t a l  a n g u la r  momentum quantum number and s 
i s  th e  s p in  quantum number. The rem a in in g  n o ta t io n  i s  as  d e f in e d  p r e ­
v io u s ly .  The K lein-G ordon e q u a tio n  e ig e n v a lu e ,f o r  b o so n s , i s  w r i t t e n
v2
E 0 = E n ,x  n
8The t r a n s i t i o n  e n e rg ie s  c a lc u la te d  u s in g  th e  above fo rm ulae a re  g iven  in  
columns 1 and 2 o f  T ab le  I ( a ) .  From th e  D irac  e q u a tio n  i t  was found t h a t  
f in e  s t r u c tu r e  i s  r e s p o n s ib le  f o r  l e s s  th a n  1 eV s p l i t t i n g  w ith in  th e  2p
C. F i n i t e  N u c lear S iz e  C o rre c tio n
Due t o  th e  l a r g e r  o v e r la p  w ith  th e  n u c le u s  o f  m esic compared to
e le c t r o n ic  wave f u n c t io n s ,  th e  assum ption  o f  a  p o in t  n u c leu s  i s  no lo n g e r
a  good ap p ro x im atio n . Because t h e  meson spends p a r t  o f  i t s  tim e  w ith in  a
f i n i t e  n u c le u s , i t s  b in d in g  energy  i s  red u ced . In  o rd e r  to  account f o r  a
f i n i t e  n u c leu s  w ith  a  -uniform n u c le a r  charge  d i s t r i b u t io n  o f  r a d iu s  R th e
9 10p o in t  Coulomb p o t e n t i a l  i s  re p la c e d  b y : *
For l i g h t  n u c le i  th e  energy  s h i f t  is . n e g l ig ib le  f o r  a l l  ex cep t 
th e  l s - s t a t e ,  w hich has maximum o v e rla p  w ith  th e  n u c le u s . Cooper and
3
and 3p s t a t e s  o f  muonic He.
V (r)  =
r  > R
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H enley c a lc u la te d  t h i s  s h i f t  u s in g  p e r tu r b a t io n  th e o ry  and found f o r  th e
l s - s t a t e :
2 2where Elg  i s  th e  I s  Bohr e n e rg y , and a^ = /me , i s  th e  Bohr r a d iu s  f o r
a  m esic atom.
U sing Cooper and H e n le y 's  fo rm u la t io n , F lu g g e ^  found th e  2p -
s t a t e  s h i f t  t o  be
9Ae0 = E_ [-0 .0 0 1 8  (— )** + 0 .0010 (— ) 5 + . . . ] .2p I s  ay
The I s  and 2p s h i f t s  a re  g iv en  in  column 1 o f  T ab le  l ( b ) ;  com parison 
shows t h a t  th e  2p s h i f t  h as  n e g l ig ib le  e f f e c t  on th e  t r a n s i t i o n  en e rg y .
U sing  a  un ifo rm  n u c le a r  charge  d i s t r i b u t i o n ,  P u s to v a lo v "^  so lv e d  
th e  S ch ro ed in g e r  e q u a tio n  n u m e ric a lly  b o th  in s id e  and o u ts id e  th e  n u c le a r  
volum e. He e x p re s se d  th e  energy  s h i f t  due to  f i n i t e  n u c le a r  s i z e  in  term s 
o f  a  "quantum  d e fe c t"  An w hich form ed an e f f e c t i v e  quantum number when 
added t o  th e  p r in c ip a l  quantum number n . The I s  energy  s h i f t  was th u s :
Ae = E -  E, = E, [------------- _ x ]
13 13 13 (n+An)2
where E^g i s  th e  Coulomb energy  f o r  a  p o in t  n u c le u s . The r e s u l t s  a re
i d e n t i c a l  t o  th o se  o f  Cooper and H enley .
12M. E ric so n  a l s o  found i n t e r i o r  and e x t e r i o r  s o lu t io n s  to  
th e  S c h ro ed in g e r e q u a tio n  by m atch ing  lo g a r i th m ic  d e r iv a t iv e s  a t  th e  
n u c le a r  s u r f a c e .  I f  th e  s tro n g  i n t e r a c t io n  p o t e n t i a l ,  which was in c lu d e d , 
i s  s e t  e q u a l to  z e ro , th e  energy  s h i f t  rem a in in g  i s  t h a t  due to  th e  
Coulomb e f f e c t  o f  th e  f i n i t e  n u c le a r  s i z e .  The e x p re s s io n  f o r  th e  I s  
s h i f t  i s  i d e n t i c a l  to  Cooper and H e n le y 's  ex c ep t f o r  a  m inor change i n  th e  
denom ina to r. I t  i s :
-  - 1  (^ > 2 V * 1 ♦ ^  .
where th e  te rm s a re  as p re v io u s ly  d e f in e d . The 2p s h i f t  i s  a g a in  n e g l i ­
g ib le  compared to  th e  I s .
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D. Vacuum P o la r i z a t io n
The v i r t u a l  e le c t r o n - p o s i t r o n  p a i r s  p r e s e n t  i n  a  vacuum become 
p o la r iz e d  u n d er th e  in f lu e n c e  o f  an e l e c t r o s t a t i c  f i e l d .  T h is phenomenon, 
c a l l e d  vacuum p o l a r i z a t i o n ,  causes th e  a p p a re n t,  o r  p h y s ic a l ,  charge  o f  
a  p a r t i c l e  m easured a t  l a r g e  d is ta n c e s  ( g r e a te r  th a n  a  few e le c t r o n ic  
Compton w av e len g th s) to  be s m a lle r  i n  m agnitude th a n  th e  "b a re "  charge 
p re s e n t  a t  e x a c t ly  th e  p o s i t io n  o f  th e  p a r t i c l e .  T h is im p lie s  t h a t  a t  
c lo s e  range th e  a t t r a c t i o n  betw een two o p p o s i te ly  charged  p a r t i c l e s  i s  
s t ro n g e r  th a n  p r e d ic te d  by sim ple  Coulomb a t t r a c t i o n .  S p e c i f i c a l ly ,  in  
atoms th e  vacuum p o la r i z a t io n  r e s u l t s  in  a  more t i g h t l y  bound system , 
e s p e c ia l ly  in  th e  low er s t a t e s ,  which have g r e a t e r  o v e r la p  w ith  th e  n u c le u s .
The vacuum p o la r i z a t io n  e f f e c t  c o n s t i tu t e s  o n ly  a  sm all p a r t  o f  
th e  w ell-know n e le c t r o n ic  Lamb s h i f t ,  w h ile  th e  " r a d i a t iv e - r e a c t io n "  con­
t r i b u t e s  th e  g r e a te r  p a r t .  The r a d i a t i v e - r e a c t io n  o r  " s e l f - e n e rg y "  o f  
th e  o r b i t in g  p a r t i c l e  p roduces a  s h i f t  due t o  i n t e r a c t io n  w ith  th e  vacuum 
f lu c tu a t io n s  o f  th e  a tom ic e le c tro m a g n e tic  f i e l d .  The vacuum p o la r i z a t io n  
s h i f t  i s  in dependen t o f  th e  mass o f  th e  o r b i t in g  p a r t i c l e  to  f i r s t  a p p ro x i­
m atio n . The s e l f - e n e rg y  s h i f t ,  how ever, h as  an in v e r s e  sq u a red  mass de­
pendence. As a  r e s u l t ,  t h e  vacuum p o la r i z a t io n  e f f e c t  in  m esonic atoms i s  
ap p ro x im ate ly  th r e e  o rd e rs  o f  m agnitude l a r g e r  th a n  th e  s e lf - e n e r g y  e f f e c t .  
Thus th e  s e l f - e n e r g y  i s  n e g le c te d  h e re ,  b u t  th e  vacuum p o la r i z a t io n  s h i f t  
must be  c a lc u la te d .
13M ickelw ait and Corben u sed  p e r tu r b a t io n  th e o ry  to  c a lc u la te  
th e  lo w e rin g  ( in c re a s e  in  b in d in g  energy ) o f  th e  m esonic Z = n  -  1 energy  
s t a t e s  due t o  vacuum p o la r i z a t io n .  They assumed a  p o in t  n u c le u s  and
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h y d rogen ic  wave fu n c t io n s .  The dom inant s h i f t ,  f o r  th e  I s  s t a t e ,  i s
o f  a  f i n i t e  s i z e ,  c o n s ta n t d e n s i ty  n u c le u s  changed th e  I s  energy  s h i f t  due
Because th e  3p and Up s t a t e  vacuum p o la r i z a t io n  s h i f t s  sure even sm a lle r
approx im ated  by -Ae^g . These s h i f t s  and th e  c o rre sp o n d in g  e f f e c t s  on th e  
t r a n s i t i o n  e n e rg ie s  a re  g iven  i n  T ab le  I .
E. P ion -N ucleus I n te r a c t io n
The p io n  i n t e r a c t s  s tr o n g ly  w ith  th e  n u c le u s ,  cau sin g  s i g n i f i ­
c a n t s h i f t i n g  and b ro ad en in g  o f  th e  energy  s t a t e s ,  e s p e c ia l ly  th e  s s t a t e s ,  
which have th e  m ost o v e rla p  w ith  th e  n u c le u s . In  t h i s  s e c t io n  we d e s c r ib e  
th e  e f f o r t s  o f  s e v e r a l  a u th o rs  to  c a lc u la te  e f f e c t s  due t o  th e  p io n -  
n u c le a r  i n t e r a c t io n .  The works o f  D eser and B rueckner w i l l  be o n ly  b r i e f l y  
d e s c r ib e d , w h ile  th e  m u lt ip le  s c a t t e r in g  fo rm alism  o f  E r ic so n  and E ric so n  
and c a lc u la t io n s  assum ing a  tw o-nucleon  c a p tu re  model w i l l  be  p re s e n te d  in  
more d e t a i l .
where e = nm /Zma; m i s  th e  meson m ass; and m i s  th e  e le c t r o n  m ass. Use 0 $
to  vacuum p o la r i z a t io n  by l e s s  th a n  3% f o r  Z = 2 . The s h i f t s  f o r  a 
Z = 2 p o in t  n u c le u s  a re :
l s - s t a t e 2p - s t a t e K s h if t  (= Ae_ -Ae. ) a _ _ _ _  2d Is
p io n ic :  - 3 3 .U eV -1 .0 3  eV +32 eV
m uonic: -1 9 .8  eV -0.U5 eV +19 eV
th a n  th e  2p s h i f t s ,  th e  s h i f t  i n  th e  Kg and K^ , t r a n s i t i o n  e n e rg ie s  i s  w e ll
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D ese r, et_ a l . 1 ^ c a lc u la te d  th e  energy  s h i f t s  due t o  low  energy  
e l a s t i c  s c a t t e r in g  o f  p io n s  from  in d iv id u a l  n u c le o n s . These in d iv id u a l  
s h i f t s  were th e n  summed to  o b ta in  th e  energy  s h i f t  due to  th e  t o t a l  
n u c le u s . The en erg y  s h i f t  due t o  s c a t t e r in g  w ith  one n u c leo n  i s  g iven  by 
th e  e x p re s s io n
«E = - 2 L  |* o ( o ) | 2 ,
where y i s  th e  7r~ -nucleon  red u ced  m ass, t/Jq( 0 ) i s  th e  m esonic hydrogen ic  
wave fu n c t io n  a t  th e  n u c le o n , and a^ i s  th e  ir“-p  s c a t t e r in g  le n g th .  The 
ir -p  s c a t t e r in g  le n g th  can be w r i t t e n  i n  te rm s o f  s c a t t e r in g  le n g th s  a^ 
and a^ fo r  s t a t e s  w ith  i s o to p ic  s p in  1 / 2  and 3/ 2 , r e s p e c t iv e ly :
ap = 1 /3  (2a1 + a 3 ) .
a^  i s  e x a c t ly  th e  ir -n  s c a t t e r in g  l e n g th ,  a^ . G e n e ra liz in g  th e  above s h i f t  
to  a  n u c le u s  o f  charge  Z and n e u tro n  number N g iv e s  f o r  th e  I s  s t a t e :
6E
E-,I s
= [Za + Na ] £ /y  = ^  [ 2 /3  Za. + a  ] 5 /y  , 
B P n r B ± 3 3
where r B i s  th e  m esonic Bohr r a d i u s , in i s  th e  ir-n u c leu s  red u ced  m ass , and
N i s  th e  n e u tro n  num ber. The f a c to r  m/y does n o t ap p ear in  th e  e x p re s s io n
2SUl 
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in  R e f. 15 . The r e s u t i n g  s h i f t s  depend , o f  c o u rs e , on th e  v a lu e s  o f  a^
and a_ u sed . O rear quo ted  th e  s e t  o f  v a lu e s :  a , = O.167 X_ and 3 1 TT
3
a_ = -0 .1 0 5  X . w here X„ = fi/mc i s  th e  n io n  Compton w av e len g th . For th e  He3 TT TT .. o
I s  s t a t e  t h i s  s e t  r e s u l t s  in  a  s h i f t  6E = -^ l .U  eV. The s e t  a , = 0 .171 X
1  IT
1 7a^ = -0 .0 8 8  from  H am ilton and Woolcock g iv e s  6E = -7 0 .1  eV, w h ile
i da^ = 0 .179  X^, a^ = -0 .1 0 3  X^ from  th e  l a t e s t  w ork , by  D onald, g iv e s
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6E = -5 7 -8  eV. Note t h a t  th e s e  s h i f t s  a l l  i n d ic a te  an a t t r a c t i v e  i n t e r ­
a c t io n .
The w id th  i s  found from  th e  im ag inary  p a r t  o f  th e  energy  s h i f t .
D e se r, et_ a l . ^  c a lc u la te d  t h e  im ag inary  p a r t  o f  th e  s c a t t e r in g  le n g th ,
Im a , u sin g  th e  u n ita r ity  co n d itio n  on th e  S m atrix  fo r  tt -p  s c a t te r in g .
P
The r e s u l t  i s
0 2 Im a = q | a(iT ■ tt” ) | ,
P
where a(iT  ^ +■ TT- ) i s  th e  charge  exchange s c a t t e r in g  le n g th ,  and q i s  th e  
r e l a t i v e  momentum o f  th e  ^ " -n e u tro n  system . To z e ro th  o rd e r  in  q ,
a(ir° «- tt") = ( / 2 / 3 ) ( &1 -  a3 ) .
Only p ro to n s  c o n tr ib u te  t o  th e  w id th , so t h a t  f o r  a  com plete  n u c leu s  th e  
l s - s t a t e  w id th  i s
r i s  ■ - El s  I  z21r B l (a l  -  a 3 ) r B| 2
For th e  ran g e s  o f  a^ and a^ g iv en  above and ta k in g  q t o  be 25 MeV/c, a f t e r
D e se r, e t  a l . ,  T. v a r ie s  from b. 6  eV t o  k . 2  eV.*  I s
19U sing th e  same m ethod, W o lfe n s te in  found th e  2 p - le v e l  s h i f t
t o  b e :
6e _ = -  r  ( a x ) 3 E (Z/3  + N) ,
2p p n3 P
where 6^  i s  th e  l a r g e s t  o f  th e  p-wave phase  s h i f t s  and r) i s  th e  c e n te r  o f
2
mass momentum i n  u n i t s  o f  me . T h is  i s  an o v e re s tim a te  b ecau se  i t  u se s
l 6  3o n ly  th e  l a r g e s t  p-wave s h i f t .  The r e s u l t ,  u s in g  6^  = 0 .2 3  r| , i s
6E„ = 0 .005  eV.2P
lU
20B rueckner p o in te d  o u t t h a t  b ro ad en in g  i s  due s o le ly  to  ab­
s o rp t io n  f o r  m ost l i g h t  n u c le i ,  s in c e  charge  exchange s c a t t e r in g  i s  e n e r ­
g e t i c a l l y  fo rb id d e n  due t o  th e  la c k  o f  a  l a r g e  number o f  c lo s e ly in g  n u c le a r  
s t a t e s .  He a ls o  c a lc u la te d  th e  l e v e l  s h i f t  due t o  a b s o rp t io n  o f  th e  o r b i ­
t a l  p io n  by th e  n u c le u s  and added th e  energy  s h i f t  due t o  s c a t t e r in g  found 
by D eser, et_ a l . ,  t o  o b ta in  th e  t o t a l  n u c le a r  i n t e r a c t io n  s h i f t .  B rueckner 
a ls o  assumed t h a t  p io n  c a p tu re  o c c u rs  o n ly  on two n u c leo n s  and t h a t  th e  
a b s o rp tio n  r a t e  i s  sim ply  r e l a t e d  to  th e  mean f r e e  p a th  f o r  a b s o rp t io n  o f  
p io n s  in  n u c le a r  m a t te r .  A b so rp tio n  on a  s in g le  nuc leon  i s  fo rb id d e n  b e ­
cause o f  th e  ap p ro x im ate ly  525 MeV/c momentum t h a t  would be r e q u ir e d  o f  
th e  i n i t i a l  nuc leon  in  o rd e r  to  con serv e  momentum. The Fermi momentum o f  
n u c le i  i s  d i s t r i b u t e d  about 250 MeV/c, and few nuc leo n s have momenta as 
h ig h  as 500 MeV/c. The a b s o rp t io n  n u c le a r  fo rc e  s h i f t  i n  th e  l s - s t a t e  
g iv en  by B rueckner i s :
^ S .  Z2  *  ,  _ z l
'® ls  555 2150
3
which g iv e s  a  r e p u ls iv e  57*5 eV s h i f t  i n  He. Combining t h i s  w ith  th e
3
s h i f t  due t o  s c a t t e r in g  g iv es  a  t o t a l  n u c le a r  fo rc e  s h i f t  f o r  He in  th e  
range  + 16.1  eV to  -1 2 .$  eV, w ith  th e  l a t e s t  s c a t t e r in g  le n g th s  (from  
D onald) g iv in g  - 0 .3  eV. The w id th , g iv en  by tw ic e  th e  im ag inary  p a r t  o f  
t h e  s h i f t ,  i s  52 .6  eV.
A nother 'u se fu l approach  to  th e  p io n -n u c le a r  fo rc e  p roblem  i s  th e
21m u lt ip le  s c a t t e r in g  fo rm alism  o f  E r ic s o n  and E r ic s o n . These a u th o rs  ex­
p re s s e d  th e  wave fu n c t io n  f o r  th e  ir-n u c leu s  s c a t t e r in g  i n t e r a c t io n  as an 
expansion  in  ir-nucleon  s c a t t e r in g  a m p litu d e s . The fo rm alism  was g e n e ra liz e d
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t o  in c lu d e  p io n  a b s o rp t io n  from  s s t a t e s  by in tro d u c in g  e l a s t i c  tw o- 
n u c leo n  am p litu d es  in  w hich s-w ave p io n s  i n t e r a c t  a t  ze ro  range  w ith  two 
nuc leo n s in  a  r e l a t i v e  s s t a t e .  The im ag in ary  p a r t  o f  t h i s  am p litude  
acco u n ts  f o r  p a r t  o f  th e  s - s t a t e  s tro n g  i n t e r a c t io n  b ro a d e n in g . The ab­
s o rp t io n  o f  p-wave p io n s  was s im i la r ly  in c lu d e d .
A p p lic a tio n  o f  t h e  v e lo c i ty  dependen t S ch ro ed in g e r  e q u a tio n  to
th e  wave fu n c t io n  d e s c r ib e d  above y ie ld s  a  wave e q u a tio n  c o n ta in in g  a
22K is s l in g e r  ty p e  p o t e n t i a l  o p e ra to r :
• - *lr [V(?) -* • »i <*>
where m i s  th e  ir-n u c leu s  red u ced  m ass, p ( r )  i s  th e  n u c leo n  d e n s i ty ,  and 
bp and c^ a r e  t h e  TT-nucleon s c a t t e r in g  p a ra m e te rs . The im portance  o f  t h i s  
p o t e n t i a l  l i e s  i n  i t s  v e lo c i ty  dependence and i t s  e x p l i c i t  n o n - l in e a r  de­
pendence on d e n s i ty .  A l o c a l  p o t e n t i a l  had p roved  s u f f i c i e n t  t o  e x p la in  
s - s t a t e  s tro n g  i n t e r a c t io n  s h i f t s ,  b u t  M. Ericson'* '3' found t h a t  o th e r  e x p e r i ­
m en ta l s tro n g  i n t e r a c t io n  s h i f t s  cou ld  n o t be p r e d ic te d  u s in g  a  p u re ly  
l o c a l  p o t e n t i a l .  The a d d i t io n  o f  a  n o n - lo c a l  i n t e r a c t i o n ,  as c o n ta in e d  in  
Eq. ( l ) ,w a s  n e c e s s a ry . The p o t e n t i a l  as w r i t t e n  above does n o t e x p l i c i t l y  
e x h ib i t  c o r r e c t io n s  t o  accoun t f o r  th e  two d i f f e r e n t  k in d s  o f  n u c le o n s ,
Fermi m otion o f  th e  n u c le o n s , f i n i t e  r a th e r  th a n  ze ro  ran g e  c o r r e la t io n  
f u n c t io n s ,  and s p in  and i s o s p in  e f f e c t s .  These m ust be e n te r e d  a s  c o r r e c ­
t io n s  to  th e  f a c to r s  b g p ( r )  and c Qp ( r ) .
F re q u e n tly  th e  s tro n g  in t e r a c t io n  p o t e n t i a l  i s  w r i t t e n  in  th e  
n o n -o p e ra to r  form:
.2
V(R) = -  2ir
m
(b Qe f f  + ^ b i e f f )p (R ) ( l  + | ) + i ( l  + ~ ) p 2 (R)lmB0 j  (2 )
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e f f  e f fwhere b^ , b^ , and I eiBq a re  e f f e c t i v e  s c a t t e r in g  p a ra m e te rs ,  M i s  th e
nucleon  m ass, R i s  t h e  n u c le a r  r a d iu s ,  and th e  p-wave s c a t t e r in g  term s have
been n e g le c te d ,  s in c e  th e y  c o n tr ib u te  n e g l ig ib ly  t o  th e  I s - s t a t e  s h i f t  and
© f f  ©iffw id th  i n  which we a re  i n te r e s t e d .  S p e c i f i c a l l y ,  b^ and b^ a re  th e  
i s o s c a la r  and i s o v e c to r  e f f e c t i v e  s c a t t e r in g  p a ra m e te rs , and accoun ts  f o r  
n u c le a r  a b s o rp t io n . E q u a tio n  (2 ) i s  u s e fu l  o n ly  i f  a n a ly t ic  s o lu t io n s  o f  
th e  wave e q u a tio n  a re  o b ta in a b le .  I f  th e  p io n  wave fu n c t io n  i s  s t ro n g ly  
d i s t o r t e d ,  n u m e ric a l m ethods m ust be  r e s o r te d  to  f o r  f in d in g  th e  complex 
s tro n g  i n t e r a c t io n  s h i f t .  E r ic so n  and F igu reau^  found th e  e f f e c t  o f  th e
O
wave fu n c t io n  d i s t o r t i o n  to  be  ^  2$ in  He; t h i s  i s  n e g l ig ib le  f o r  th e
p re s e n t  a n a ly s i s .
V alues f o r  th e  s c a t t e r in g  p a ra m e te rs  may be found by u s in g  th e
s p e c i f i c  r e l a t i o n s  t o  th e  ir-nucleon  s c a t t e r in g  am p litu d es  as g iven  in
21E ric so n  and E r ic s o n . A l t e r n a te ly ,  l e a s t  sq u a re s  f i t s  o f  e x i s t in g  e x p e r i ­
m enta l m easurem ents o f  p io n ic  atom s h i f t s  and w id th s  have been  a p p lie d  in  
th e  mass ran g e  6 A <_ 23 t o  o b ta in  th e s e  param eters.** The s e t s  o f  p a ra ­
m eters  d e r iv e d  from  b o th  m ethods w i l l  be used  to  c a lc u la te  t h e o r e t i c a l  
s h i f t s  and w id th s .
An a n a ly t i c a l  e x p re s s io n  f o r  th e  complex energy  s h i f t  due t o  th e
p io n -n u c le u s  i n t e r a c t io n  was deve loped  f o r  c i r c u l a r  o r b i t s  (A = n -  l )  by 
12M. E r ic s o n . The v a r io u s  assum ptions made in  a r r i v in g  a t  th e  s o lu t io n  
were as  fo llo w s : th e  p io n  obeys th e  n o n - r e l a t i v i s t i c , S ch ro ed in g e r  equa­
t i o n  f o r  a  n o n - lo c a l  ( v e lo c i ty  dependen t) p o t e n t i a l ;  th e  n u c le a r  Coulomb 
p o t e n t i a l  i s  ta k e n  t o  be a  sq u a re  w e ll  o f  r a d iu s  R eq u a l t o  th e  rms e le c -  
t r o n  s c a t t e r in g  v a lu e ,  1 .9 7  +, 0 .10  fe rm is  fo r  He. The I s  s t a t e  energy  




where kg = mcZot/fi
= -  (2kQR)2 1 2mVR 5 „ 2, (3 )
3ft J 3ft k Q_
= ( ^ )
1/2
I t  i s  to  be n o te d  t h a t  t h i s  same e x p re s s io n  has been  t r a n s c r ib e d
21i n c o r r e c t ly  to  th e  E ric so n  and E ric so n  a r t i c l e .
f sThe Coulomb o r  f i n i t e  n u c le a r  s iz e  s h i f t  Ae, in c lu d e d  in  AE m ustI s
si.be s u b tr a c te d  i n  o rd e r  to  de te rm ine  th e  p u re  s tro n g  in t e r a c t io n  s h i f t  AE :
AEs l  a  AE -  A e f 3 .I s
AE i s  th e  complex energy  s h i f t .  The r e a l  and im ag in ary  p a r t s  
m ust be s e p a ra te d  i n  o rd e r  t o  d i s t in g u is h  betw een th e  c o n tr ib u t io n s  to  
th e  r e a l  s h i f t  and to  th e  w id th . I f  we e x p re ss  th e  p o t e n t i a l  V(R) as a  
sum o f  r e a l  and im ag inary  p a r t s ,
V(R) = Vh (R) + i  VI (R)
th e n  th e  s tro n g  i n te r a c t io n  s h i f t  s p e c i f ie d  by Eq. ( 3 ) ( in c lu d in g  th e  
Coulomb c o r r e c t io n )  f o r  th e  l s - s t a t e  may be w r i t t e n  as
Re(AE) = |E0 |( 2 k 0R)2<
1 +
5 —’2.3ft k .
2mV R \  I 2mV_R \ 2
1+2k 0R+ - f r  + k 0R I
\ 3ft 3ft k r
1 + 2kgR + 2 V
3ft£
2 \ 2 2. -'V R'2 \ 2
The w id th  o f  th e  I s  s t a t e  i s  r e l a t e d  to  th e  im ag in ary  p a r t  o f  th e  com­
p le x  s h i f t  
Im(AE)
I 2mV_R \
= - 5 r l s = | E o | ( 2 V , ( l+ |k 0R )/
2mV R\2 /2mV R





The values ca lcu la ted  from E qs. (U) and (5) fo r  the l s - s t a t e
3
s tro n g  i n te r a c t io n  s h i f t  and w id th  i n  th e  p io n ic  He atom a re  g iven  in
Q
T able  I I :  a  c o n s ta n t n u c le a r  d e n s i ty ,  p(R) = 3A/Utt R , was u sed  th ro u g h -
e f f  e f fo u t .  Three s e t s  o f  v a lu e s  f o r  b^ , b^ , and Im Bq were employed in  
o b ta in in g  v a lu e s  f o r  V(R) o f  Eq. ( 2 ) .  Two o f  th e s e  s e t s ,  (a )  and (c )  in  
Table I I ,  were de te rm ined  from l e a s t  sq u a re s  f i t s  o f  x - ra y  m easurem ents, 
and th e  t h i r d ,  s e t  ( b ) ,  was t h e o r e t i c a l l y  d e r iv e d . The s e t  o f  p a ra m e te rs  
(a )  g iv en  i n  T ab le  I I  was d e te rm in ed  from a  s e le c t io n  o f  d a ta  which i n ­
c lu d ed  m easurem ents f o r  e ig h t  n u c le i .  S e t (b ) c o n s is t s  o f  t h e o r e t i c a l  
p a ra m e te rs  d e r iv e d  from  p io n -n u c le o n  s c a t t e r in g  am p litu d es  and p io n  p ro ­
d u c tio n  c ro s s  s e c t io n s .  The s e t  o f  p a ra m e te rs  ( c )  was o b ta in e d  by
2kA nderson, J e n k in s , and Powers from  a  l a r g e r  s e le c t i o n  o f  d a ta  th a n
s e t  ( a ) :  t h i r t e e n  K e n e rg ie s  and tw e lv e  w id th s . In  o rd e r  to  e l im in a teot
p o s s ib le  s y s te m a tic  u n c e r t a in t i e s  a s s o c ia te d  w ith  i n d i r e c t  w id th  m easure­
m en ts , o n ly  d i r e c t  w id th  m easurem ents were used  in  th e  f i t .  I t  sh o u ld  be 
n o ted  t h a t  th e  t h e o r e t i c a l  p a ra m e te rs  ag ree  w e ll  w ith  th e  e f f e c t iv e  
p a ra m e te rs  (a )  and (c )  found from f i t s  to  e x p e rim e n ta l v a lu e s ,  ex cep t f o r  
a  f a c t o r  o f  two d i f f e r e n c e  betw een th e  v a lu e s  f o r  Im Bq.
For He th e  s tro n g  in t e r a c t io n  p o t e n t i a l  (Eq. ( 2 ) )  depends
s e n s i t iv e ly  on th e  f a c t o r
. e f f  N-Z . e f f  . e f f  1 e f f  
0 + ~ bl  " b 0 " 3 * 1  ’ (6 )
© f f  © f fso t h a t  s l i g h t  changes in  b^ and b^ have a  r e l a t i v e l y  l a r g e r  e f f e c t  
on th e  p o t e n t i a l  V and th e  energy  s h i f t ,  as may be seen  i n  T ab le  I I .  For 
most o th e r  n u c le i  th e  is o v e c to r  term
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e f fi s  sm all compared t o  bg
Level s h i f t s  and w id th s  f o r  th e  s e t  o f  p a ra m e te rs  (d) l i s t e d  in  
T able  I I  were n o t c a lc u la te d .  T h is  s e t  i s  th e  l a t e s t  o b ta in e d  by th e
pC O
B ackensto ss  g ro u p , w hich a ls o  de te rm ined  th e  s e t  ( a ) .  The p io n ic  He 
s h i f t s  and w id th s  c a lc u la te d  u s in g  s e t  (d ) a re  n o t e x p e c te d  to  be s i g n i f i ­
c a n t ly  a l t e r e d  from  th e  v a lu e s  o b ta in e d  u s in g  s e t  ( a ) ,  s in c e  th e  f a c to r s
e f f  X e f f  b Q -  — b i  and Im BQ a re  e s s e n t i a l l y  unchanged.
The u n c e r ta in ty  i n  th e  energy  s h i f t  (Eq. k)  a s s o c ia te d  w ith  th e  
u n c e r t a in t ie s  in  th e  o p t i c a l  p a ram ete rs  and th e  n u c le a r  r a d iu s  a re  g iven  
in  T ab le  I I  f o r  s e t  ( c ) .  The l a r g e s t  c o n tr ib u t io n  (2 eV) to  th e  t o t a l  
u n c e r ta in ty  i s  due t o  t h e  u n c e r ta in ty  i n  th e  n u c le a r  r a d iu s .
The f i n a l  approach  t o  th e  p io n -n u c le a r  i n t e r a c t io n  which w i l l  
be t r e a t e d  h e re  i s  th e  "tw o-nucleon  c a p tu re  m odel". T his model i s  s i g n i ­
f i c a n t l y  d i f f e r e n t  from  th e  o p t i c a l  model in  t h a t  th e  l a t t e r  i s  b a se d  on 
g lo b a l  p r o p e r t ie s  o f  n u c l e i ,  w h ile  th e  tw o -n u cleo n  c a p tu re  approach  de­
pends on th e  p a r t i c u l a t e  co m position  o f  th e  n u c le u s . T his model does n o t
y i e l d  s tro n g  i n te r a c t io n  s h i f t s ,  o n ly  w id th s  o r  c a p tu re  r a t e s .  F ig u re a u
5 3and E ric so n  c a lc u la te d  th e  c a p tu re  r a t e s  s p e c i f i c a l l y  f o r  p io n s  in  He,
s in c e  t h i s  i s  th e  s im p le s t  n u c le u s  on w hich th e  tw o-nucleon  c a p tu re  model
26 3can be  t e s t e d .  They adop ted  th e  m ethod o f  E c k s te in  f o r  th e  He c a se . 
E c k s te in  c o n s tru c te d  a  g e n e ra l  phenom enological. H am ilton ian  which d e s ­
c r ib e d  a b s o rp tio n  o f  th e  p io n  on two nuc leo n s a t  z e ro  ra n g e . The cou p lin g  
c o n s ta n ts  gg and g^ in  th e  H am ilton ian  e f f e c t i v e l y  in c lu d e d  a l l  s h o r t -  
range  c o r r e la t io n s  betw een n u c le o n s . The c o u p lin g  c o n s ta n t gg was r e l a t e d
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t o  iso s p in -c h a n g in g  a b s o rp t io n ;  g^ was th e  is o s p in -c o n s e rv in g  co u p lin g  
c o n s ta n t .  The p io n  wave fu n c t io n s  d e s c r ib e d  o n ly  th e  lo n g  ran g e  b e h a v io r  
o f  t h e  p io n s .  F ig u re a u  and E ric so n  in c lu d e d  th e  s tro n g  i n t e r a c t i o n  d i s ­
t o r t i o n  o f  th e  p io n ic  wave fu n c t io n  n e a r  th e  n u c leu s  and u se d  more re c e n t
v a lu e s  f o r  th e  c o u p lin g  c o n s ta n ts  g^ and g ^ . They c a lc u la te d  th e  a b so rp -
3
t i o n  r a t e  from t h e  l s - s t a t e  o f  He f o r  th r e e  d i f f e r e n t  n u c le a r  wave func­
t io n s  and th e  two p o s s ib le  v a lu e s  f o r  th e  s ig n ,  w hich h as  n o t been
unam biguously d e te rm in ed .
6 oD ivakaran  d id  a  s im i la r  c a lc u la t io n  fo r  He, a ls o  b a sed  on th e
k
E c k s te in  He c a lc u la t io n ,  u s in g  a  G aussian  wave fu n c tio n  and ta k in g  th e  
s ig n  o f  BqS^  t o  136 p o s i t i v e .  D ivakaran  used  th e  E c k s te in  v a lu e s  f o r  g^ and 
g ^ . The c a p tu re  r a t e s  and e q u iv a le n t  w id th s  o b ta in e d  by F ig u re a u  and 
E ric so n  and by D ivakaran  a re  l i s t e d  in  T able  I I I .  F ig u re a u  and E ric so n  
q u o ted  c o n s i s t e n t ly  h ig h e r  v a lu e s  th a n  d id  D ivakaran .
Both D ivakaran  and F ig u re a u  and E r ic so n  e s tim a te d  2 p - s t a te  ab­
s o rp t io n  r a t e s  in  o rd e r  to  de te rm ine  th e  e f f e c t  o f  t h i s  a b s o rp t io n  on th e  
a b s o lu te  number o f  p io n s  re a c h in g  an d , t h e r e f o r e ,  abso rbed  from th e  l s - s t a t e .  
D ivakaran  found th e  r a t e  o f  a b s o rp t io n  from th e  2p s t a t e  by  th e  same method 
used  f o r  t h e  I s  r a t e :  th e  2p r a t e  was c a lc u la te d  to  be 1 .1  x lO1 "^ sec  \  
Assuming t h a t  n u c le a r  c a p tu re  from  s t a t e s  o th e r  th a n  th e  I s  and 2p s t a t e s  
i s  n e g l i g ib l e ,  com parison o f  th e  2p a b s o rp t io n  r a t e  w ith  th e
n a  *i
2p - l s  r a d i a t i v e  r a t e ,  w_ = 3 .2  x  10 se c ”  , i n d ic a te s  t h a t  3 .U# o f  th e
2p
p io n s  a re  c a p tu re d  from  th e  2p s t a t e .  I t  sh o u ld  be n o te d  t h a t  t h i s  v a lu e
a 3
f o r  u). in c lu d e s  an enhancem ent o f  13# in  th e  u n c o rre c te d  He 2 p - ls  r a d i a -2p
t i v e  t r a n s i t i o n  r a t e  due t o  t h e  m otion  o f  th e  n u c leu s  about th e  c e n te r  o f
27mass o f  th e  m esic atom .
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F ig u re a u  and E r ic so n  p r e d ic te d  t h a t  19% o f  th e  p io n s  a re  c a p tu re d  
3
from th e  2p s t a t e  o f  th e  tt-  He system . I f  th e  enhanced r a d i a t i v e  r a t e  i s
u sed  i n  th e  c a lc u la t io n ,  t h i s  number becomes 17%. T h e ir  a b s o rp t io n  r a t e ,
11 —16 .6  x 10 sec  , was o b ta in e d  by add ing  term s due t o  a b s o rp tio n  on a  
d e u te ro n  and on two p ro to n s .  They a ls o  assumed t h a t  th e r e  was no s ig n i ­
f ic a n t  a b s o rp t io n  o th e r  th a n  from th e  I s  and 2p s t a t e s .  T his l a s t  assump­
t i o n  w i l l  be d is c u s s e d  i n  S ec . VI.A.
U
The He 2 p - s ta te  s tro n g  in t e r a c t io n  w id th  was deduced from th e  
cascade  c a lc u la t io n s  t o  be  d e s c r ib e d  i n  S ec. V. T h is  w id th  has n o t  y e t  
been  c a lc u la te d  u s in g  th e  tw o-nucleon  c a p tu re  m odel, b u t  E r ic so n  and 
F ig u r e a u ^  e s tim a te  = 2 .0  x  10"^ se c - '1' by o th e r  means (se e  S ec . V I.A ).
I I I .  EXPERIMENT
In  t h i s  c h a p te r  we d isc u s s  th e  a p p a ra tu s  and e x p e rim e n ta l
3
m ethod u sed  t o  o b ta in  d a ta  on muonxc and p io n ic  x  ra y s  in  He. A d e s -  
3
c r i p t i o n  o f  th e  He t a r g e t  c r y o s ta t  i s  p re s e n te d  in  th e  f i r s t  s e c t io n .
3
Subsequent s e c t io n s  c o n ta in  d e s c r ip t io n s  o f  th e  He gas h a n d lin g  and 
l i q u e f a c t io n  p ro c e s s e s  and th e  x - ra y  d e te c t io n  sy stem . In  th e  l a s t  
s e c t io n  an o u t l i n e  o f  th e  e x p e rim e n ta l p ro ced u re  i s  g iv e n .
3
A. He T a rg e t Dewar
3
F ig u re  1 shows th e  He t a r g e t  and th e  low er s e c t io n  o f  th e  s u r ­
round ing  c r y o s t a t .  The com plete dewar w ith  th e  a u x i l l i a r y  equipm ent n ec ­
e s s a ry  t o  m a in ta in  th e  t a r g e t  in  a  l i q u i d  s t a t e  i s  shown in  F ig . 2 . In
t h i s  and th e  fo llo w in g  s e c t io n  we d e s c r ib e  i n  d e t a i l  th e  dewar and th e
3 Ua n c i l l a r y  equipm ent in c lu d in g  th e  He gas h a n d lin g  sy stem , th e  l i q u i d  He
It
t r a n s f e r  sy stem , t h e  He v apo r p re s s u re  c o n tro l  sy s tem , and th e  e v a c u a tio n
and le a k  d e te c t io n  sy stem . The components and fu n c t io n  o f  each  o f  th e s e
system s a re  d e s c r ib e d  b r i e f l y  i n  th e  fo llo w in g .
The t a r g e t  dewar (F ig . 2) housed  th e  t a r g e t  and a  l i q u i d  S le
r e s e r v o i r  above th e  t a r g e t .  A l i q u i d  n i t ro g e n  r e s e r v o i r  su rrounded  th e  
1*
He r e s e r v o i r  b u t was s e p a ra te d  by vacuum from  i t .  An o u ts id e  vacuum ja c k ­
e t  c o n ta in e d  b o th  r e s e r v o i r s  and th e  t a r g e t  volum e. R a d ia tio n  s h ie ld s  
ex ten d ed  below  th e  h e liu m  and n i tro g e n  r e s e r v o i r s  to  i s o l a t e  th e  t a r g e t  
from th e  room te m p e ra tu re  w a lls  o f  th e  o u ts id e  j a c k e t .  Tubing c o n ta in in g
22
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3 Uincom ing He gas p a s se d  th ro u g h  th e  He r e s e r v o i r  on th e  way from  th e  gas
3 3h a n d lin g  system  t o  th e  He t a r g e t ,  so t h a t  l iq u e f a c t io n  o f  th e  He gas
3
o c c u rre d  i n  t h i s  p o r t io n  o f  th e  sy stem . S ince He h as  a  norm al condensa-
1*
t io n  p o in t  1°K lo w er th a n  t h a t  o f  He, a  m echan ica l pump was u sed  t o  low er 
th e  He vapor p re s s u re  and th e re b y  low er th e  l i q u i d  te m p e ra tu re . A mano- 
s t a t  m a in ta in e d  th e  vapor p re s s u re  a t  a  c o n s ta n t v a lu e . Commercial l i q u i d
b ^He was t r a n s f e r r e d  from i t s  s to ra g e  dewar to  th e  He r e s e r v o i r  when th e
r e s e r v o i r  l i q u i d  f e l l  below  a  g iv en  l e v e l .  M echanical and d i f f u s io n  pumps
e v a cu a ted  th e  sp aces  betw een th e  v a r io u s  w a lls  w ith in  th e  t a r g e t  dew ar,
3 Uand a  le a k  d e te c to r  was used  t o  a s c e r ta in  t h a t  n e i th e r  He n o r He lea k e d  
from t h e i r  r e s p e c t iv e  l i q u i d  c o n ta in e r s  w i th in  th e  dew ar.
3
1 . He T a rg e t
O O
The 185 cm l i q u i d  He t a r g e t  c o n ta in e r  (F ig . l )  was a  s t a i n l e s s
s t e e l  c y lin d e r  w ith  i t s  h o r iz o n ta l  a x is  o r ie n te d  p e rp e n d ic u la r  to  th e
meson beam d i r e c t io n .  The 2 . k " d ia m e te r  c y l in d e r  was 2 .5 "  lo n g  and 0 .015"
th ic k .  One end was f i t t e d  w ith  a  s a p p h ire  window th ro u g h  which a  56AVP
3
p h o to m u lt ip l ie r  view ed th e  He. The window, p u rch ased  from Ceram aseal 
C o rp ., c o n s is te d  o f  a  2" d iam e te r s a p p h ire  d is k  which was s e a le d  t o  a  
Kovar r in g ;  t h i s  i n  tu r n  was h a rd  s o ld e re d  to  a  s t a i n l e s s  s t e e l  s le e v e
which com pleted  th e  window u n i t .  T h is  assem bly was b ra z e d  to  a  s t a i n l e s s
s t e e l  f e r r u l e ,  w hich was p re s s e d  in to  th e  end o f  th e  t a r g e t  c y l in d e r  and 
indium  s o ld e re d  t o  i t .  The o th e r  end o f  th e  t a r g e t  was f i t t e d  w ith  a  
b e ry l l iu m  window t o  f a c i l i t a t e  t ra n s m is s io n  o f  x  ra y s  in  th e  10 keV ra n g e . 
The b e ry l l iu m  window was f a b r i c a t e d  by  b ra z in g  a  1 .5 "  d iam e te r  d is k  o f
2k
0.0l*0" 'b e ry lliu m  t o  a  s t a i n l e s s  s t e e l  h o ld e r ;  t h i s  window assem bly was
a ls o  s o ld e re d  t o  th e  t a r g e t  c y l in d e r  w ith  ind ium  s o ld e r .  The u se  o f  a
low m e ltin g - te m p e ra tu re  s o ld e r  a llow ed  each window t o  b e  removed a s  a
u n i t  by m e ltin g  o n ly  th e  indium  s o ld e r .
The s c i n t i l l a t i o n  l i g h t  p roduced  by th e  p assag e  o f  charged  p a r -
o
t i d e s  th ro u g h  l i q u i d  h e lium  l i e s  p r im a r i ly  below  1500 A. I t  m u st, t h e r e ­
f o r e ,  be s h i f t e d  in  w aveleng th  i n  o rd e r  to  be t r a n s m i t te d  th ro u g h  th e  
s a p p h ire  window and th e  g la s s  envelope o f  th e  p h o to tu b e  t o  th e  p h o to ­
c a th o d e . To accom plish  t h i s  s h i f t  i n  w aveleng th  a  s p e c ia l  l i n e r ,  shown 
in  F ig . 3 a , was i n s e r t e d  t o  cover th e  s t a i n l e s s  s t e e l  w a l ls .  T h is alum­
inum f o i l  l i n e r  was p a in te d  w ith  d i f f u s e ly  r e f l e c t i n g  w h ite  TYgon SB-361 
p a in t  and covered  w ith  a  100 ygm/cm vacuum d e p o s ite d  l a y e r  o f  w aveleng th  
s h i f t e r ,  p -p  d ip h e n y ls t i lb e n e  (DPS). A 2" d iam e te r open ing  in  th e  l i n e r
a llo w ed  l i g h t  t o  p a ss  th ro u g h  th e  s a p p h ire  window to  th e  p h o to m u lt ip l ie r
2tu b e .  The window i t s e l f  had a  c o a tin g  o f  50 ygm/cm DPS. A lum inized
m ylar was s u b s t i tu t e d  f o r  aluminum f o i l  on th e  b e ry l l iu m  window end and
was l e f t  u n p a in te d  o v e r th e  1 1 /2 "  d iam e te r  s e c t io n  c o v e rin g  th e  window.
210A low i n t e n s i t y  (ap p ro x im a te ly  70 d e te c ta b le  a  p a r t i c l e s  p e r  second) Po 
so u rc e  o f  5 .30  MeV a lp h a  p a r t i c l e s  was f ix e d  i n  th e  t a r g e t  t o  a llo w  t e s t i n g  
f o r  th e  p re se n c e  o f  l i q u i d  He by n o tin g  w h e th er a p p ro p r ia te  s c i n t i l l a t i o n  
p u ls e s  f o r  s topped  a lp h a  p a r t i c l e s  w ere e m itte d  from th e  t a r g e t .
2).
2. L iq u id  He R e se rv o ir  and T a i l
3 1* / \The He t a r g e t  and th e  He r e s e r v o i r  above i t  (F ig . 1 ) were
1*
th e rm a lly  connected  by  th e  s t e e l  p l a t e  d e f in in g  th e  bo ttom  o f  th e  He
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r e s e r v o i r .  Two 1 /8 "  o .d .  s t a i n l e s s  s t e e l  tu b es  w ith  0 .020" th ic k  w a lls
lj.
e n te r e d  th e  to p  o f  th e  He r e s e r v o i r  th ro u g h  vacuum t i g h t  o p e n in g s , con­
t in u e d  th ro u g h  th e  r e s e r v o i r ,  and ex ten d ed  th ro u g h  th e  s e p a r a t in g  p l a t e
3
in to  th e  He l i q u i d  a re a .  In  o rd e r  to  im prove th e  h e a t  exchange th e
3
tu b e  c o n ta in in g  th e  e n te r in g  He gas was c o i le d  in  th e  r e s e r v o i r .  The 
gas e x i te d  th e  t a r g e t  th ro u g h  a  s t r a ig h t  v e r t i c a l  tu b e .
U /The He r e s e r v o i r  (F ig . 2) was composed o f  an u pper and a 
lo w er s e c t io n .  The two w ere h e ld  to g e th e r  by an indium  " 0 " - r in g  s e a l  as
d e s c r ib e d  by B uck le , et_ a l . 1 The s e c t io n  below  th e  neck s e a l  was desig n ed
3
s p e c i f i c a l l y  f o r  l i q u i d  He e x p e rim e n ts . The upper p a r t  o f  th e  r e s e r v o i r
was p u rch ased  from  S u l f r i a n  C ryogenics and was o r ig i n a l l y  d es ig n e d  t o  be
1 + 2 7  1+co n n ec ted  t o  a  He t a r g e t .  Both s e c t io n s  o f  th e  He r e s e r v o i r  were
c y l i n d r ic a l  w ith  a  combined c a p a c i ty  o f  o v e r  30 l i t e r s .  The to p  expanded
to  an in n e r  d iam e te r  o f  9 3 /V 1 above th e  " 0 " - r in g  s e a l .  The to p  s e c t io n
lj.
o f  th e  He r e s e r v o i r  and a l l  o th e r  w a lls  in  th e  r e s e r v o i r  s e c t io n  o f  th e  
c r y o s ta t  were c o a te d  on th e  o u ts id e  w ith  a  t h in  l a y e r  o f  g o ld  i n  o rd e r  to  
reduce  r a d i a t i v e  h e a t in g ;  th e  low er p o r t io n  o f  th e  r e s e r v o i r  was w rapped 
in  t i n  f o i l  f o r  th e  same re a s o n . The t a r g e t  was p r o te c te d  by  a  copper and
1+ / Xt i n  r a d i a t i o n  s h ie l d ,  c a l l e d  th e  He t a i l  (F ig . 3 b ) , w hich was connected
li
to  th e  b ase  o f  th e  He r e s e r v o i r .  T h is  t a i l  p ro v id e d  a  h e a t  s h ie ld  a t
3
a p p ro x im ate ly  th e  same te m p e ra tu re  as th e  l i q u i d  He and th u s  red u ced  t u r -
k
b u len c e  due t o  b o i l i n g  in  th e  t a r g e t .  The copper ends o f  th e  He t a i l  had 
open ings c o rre sp o n d in g  to  th e  b e ry l l iu m  and sa p p h ire  window p o s i t i o n s .  The 
opening  o v e r th e  b e ry l l iu m  window was covered  w ith  a lu m in iz e d  m ylar se cu re d  
by an aluminum r e t a in i n g  r i n g ,  w h ile  th e  sa p p h ire  window was l e f t  uncovered . 
The rem ain ing  th r e e  s id e s  o f  th e  t a i l  w ere c o n s tru c te d  i n  t i n  f o i l  h e ld  in  
p la c e  w ith  copper s t r i p s .
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3. L iq u id  N itro g en  J a c k e t  and T a i l
kA l i q u i d  n i tro g e n  Ja c k e t su rrounded  th e  He r e s e r v o i r  and was
s e p a ra te d  from i t  by vacuum. A n i tro g e n  t a i l  o f  1 /8 "  th ic k  copper e x -
1+
ten d e d  below  th e  ja c k e t  to  form  a  r a d i a t i o n  s h ie ld  o u ts id e  th e  He t a i l .  
Copper f o i l  0 .005" th ic k  was u sed  i n  th e  beam p a th  in s te a d  o f  th e  t h ic k e r  
co p p er. The h o le  in  th e  b e ry ll iu m  window end was covered  w ith  a lu m in ized  
m y la r. A c y l in d e r  o f  1 /1 6 "  th ic k  copper was con n ected  to  th e  sa p p h ire  
window s id e  o f  t h e  l i q u i d  n i tro g e n  t a i l .  T h is  c y l in d e r  su p p o rte d  th e  
p h o to m u l t ip l ie r  tu b e  which view ed th e  He s c i n t i l l a t i o n  l i g h t  (F ig . 2 ) .
The p h o to tube  was coo led  a lm ost to  l i q u i d  n i tro g e n  te m p e ra tu re  in  o rd e r  
t o  reduce  th e  r a d i a t i v e  h e a t in g  o f  th e  t a r g e t .  T h is c o n f ig u ra t io n  a ls o  
a llow ed  th e  p ho toca thode  t o  be p o s i t io n e d  a p p ro x im ate ly  1 /k "  from th e  
sa p p h ire  window.
lj-. Vacuum J a c k e t  and A ttachm ents
The n i tr o g e n  ja c k e t  and t a i l  were s e p a ra te d  from  th e  o u ts id e  
s t a i n l e s s  s t e e l  w a ll  (F ig . 2) by a  vacuum common to  t h a t  betw een th e  n i t ­
rogen  ja c k e t  and t h e  ^He w a l l .  The 1 /8 "  th ic k  o u ts id e  ja c k e t  was reduced  
t o  0 .020" upstream  and downstream  from  th e  t a r g e t  t o  m inim ize th e  number 
o f  meson s to p s  in  th e  j a c k e t .  A 0 .010" t h i c k ,  l "  d iam e te r b e ry l l iu m  win­
dow in  th e  o u ts id e  w a ll  (vacuum ja c k e t )  p ro v id e d  an e x i t  window f o r  s o f t  
x  ra y s  from  th e  t a r g e t .
The p h o to m u l t ip l ie r  tu b e  was i n s e r t e d  th ro u g h  a  vacuum f la n g e  a t  
th e  sa p p h ire  window end o f  th e  vacuum cham ber. V o ltag es  w ere a p p lie d  to  
th e  p h o to m u lt ip l ie r  tu b e  dynodes from  a  tu b e  b a se  o u ts id e  th e  vacuum 
ja c k e t  v i a  a  tw e n ty -p in  fe e d th ro u g h . A nanosecond d isc h a rg e  lamp in  th e
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vacuum space i l lu m in a te d  th e  "back o f  th e  p h o to tu b e  th ro u g h  a  l i g h t  p ip e  
and a  h o le  in  th e  b a k e l i t e  b a se  o f  th e  tu b e .  The lamp was d r iv e n  by  an 
e x te r n a l  p u ls e  g e n e ra to r .  T h is  system  e n a b le d  th e  p h o to tu b e 's  o p e ra t io n  
to  be checked c o n tin u o u s ly  d u rin g  th e  lo n g  cooldown p e r io d .
A 10 ohm, 1/U w a tt  r e s i s t o r  w hich co u ld  be u sed  to  in c r e a s e  th e
3
l i q u i d  t o  gas co n v e rs io n  r a t e  was a tta c h e d  to  th e  u n d e rs id e  o f  th e  He
t a r g e t .  A second tw e n ty -p in  fee d th ro u g h  p ro v id e d  c o n n e c tio n s  betw een t h i s
h e a t in g  r e s i s t o r  and i t s  power le a d s  and a ls o  betw een th e  c o p p e r-c o n s ta n -
1+
ta n  therm ocoup les from th e  He and n i tro g e n  t a i l s .  A c h a r t  r e c o r d e r  moni­
to r e d  th e s e  therm ocoup les to  p ro v id e  a  r e c o rd  o f  w a ll  te m p e ra tu re s .
The vacuum ja c k e t  had a  2" diam . pumping p o r t  f o r  e v a c u a tio n  
o f  th e  re g io n s  betw een th e  v a r io u s  ja c k e ts  and t a i l s .  A Model 1397 Welch 
m echan ica l pump se rv e d  as rou g h in g  pump and forepump f o r  a  U" d iam e te r 
CVC o i l  d i f f u s io n  pump w ith  a  l i q u i d  n i t r o g e n  c o ld  t r a p .  The pumping was 
needed  m o stly  d u r in g  th e  i n i t i a l  c o o lin g  p ro c e d u re ; a f t e r  th e  t a r g e t  
rea c h e d  th e  d e s ir e d  low te m p e ra tu re  th e  dewar cou ld  be i s o l a te d  and i t s
_r7
low p re s s u re  (ap p ro x im a te ly  10 T o rr)  m a in ta in e d  th ro u g h  th e  c ry o g en ic
pumping a c t io n  o f  th e  c o ld  l i q u i d s .  In  ca se  o f  t a r g e t  ru p tu re  th e  i s o l a -
3
t i o n  o f  th e  dewar p e rm itte d  con ta inm ent o f  th e  He.
A le a k  d e te c to r  was used  in  p a r a l l e l  w ith  th e  d i f f u s io n  pump 
lj 3
t o  check f o r  He and He le a k s  to  th e  vacuum s p a c e s . The a c c e le r a t in g
v o lta g e  o f  th e  le a k  d e te c to r  was tu n e d  f o r  th e  a p p ro p r ia te  iso to p e  by
3 U 3u s in g  He and He s ta n d a rd  l e a k s .  He le a k s  w ere u n d e s ira b le  b ecau se  o f
th e  l im i t e d  su p p ly , w h ile  le a k s  o f  e i t h e r  gas would in c re a s e  h e a t  con­
d u c tio n  t o  th e  n i tro g e n  and h e lium  r e s e r v o i r s  and to  th e  t a r g e t .  Leaks
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a ls o  in d ic a te d  flaw s which would f re q u e n tly  w orsen d u r in g  th e  cool-down
p ro c e d u re . S ince  i t  was im p o rta n t to  g u a ra n te e  th e  c o n tin u e d  p u r i t y  o f  
3
th e  He, checks w ere a ls o  made f o r  le a k s  th ro u g h  th e  t a r g e t - r e s e r v o i r  
co n n e c tin g  p l a t e  and th ro u g h  th e  w a lls  o f  th e  s t a i n l e s s  s t e e l  tu b in g  in  
th e  r e s e r v o i r .  These le a k  checks were perfo rm ed  a t  room te m p e ra tu re  and 
a g a in  a t  low er te m p e ra tu re s . D uring th e  co u rse  o f  t h i s  experim en t no 
le a k s  o f  any k in d  were d e te c te d .
3
B. He L iq u e fa c tio n  System
I4.
1 . Cooled L iq u id  He R e se rv o ir
3
In  o rd e r  to  l iq u e f y  th e  He, which h as  a  c o n d e n sa tio n  p o in t  a t
norm al p re s s u re  o f  3 .2°K , l i q u i d  S le  was f i r s t  c o o le d  below  i t s  norm al
c o n d en sa tio n  p o in t  a t  1*.2°K. T h is was accom plished  by  c lo s in g  th e  to p  o f
th e  He r e s e r v o i r  and pumping over th e  l i q u i d  i n  o rd e r  to  low er th e  He
k
v apo r p re s s u re  and th e re b y  th e  te m p e ra tu re . He i s  a  s u p e r f lu id  below  
2 .2°K . T hus, i t  was d e s i r a b le  t o  r e s t r i c t  th e  l i q u i d  to  te m p e ra tu re s  b e ­
tw een 2.2°K  and 3 .2°K .
30 UA C a r te s ia n  m an o sta t was employed to  m a in ta in  th e  He vapor
p re s s u r e  a t  ap p ro x im ate ly  110 T o r r ,  c o rre sp o n d in g  to  2 .7°K . T h is  somewhat
a r b i t r a r y  te m p e ra tu re  (chosen  o n ly  b ecau se  i t  i s  midway betw een our upper
and low er l i m i t s )  was m o n ito red  w ith  a  W allace and T ie rn a n  Model FA160
1+
manometer w hich m easured th e  v apo r p re s s u re  o f  th e  He. The vapor p r e s s u r e -
te m p e ra tu re  dependence o f  b o th  h e lium  is o to p e s  has been  m easured  by
31Abraham, O sborne, and W einstock . S in ce  th e  m an o sta t r e s t r i c t s  th e  pump­
in g  r a t e ,  a  b y -p a s s  was u sed  i n  t h e  i n i t i a l  pumpdown from a tm o sp h eric
29
p r e s s u r e .  The p re s s u re  re d u c t io n  p ro c e s s  g e n e ra l ly  in v o lv e d  th e  l o s s  o f
l e s s  th a n  two l i t e r s  o f  He from th e  r e s e r v o i r  in  th e  h a l f  to  th r e e
q u a r te r s  o f  an ho u r ta k e n  t o  com plete th e  c o o lin g  from k .2°K  to  2 .7°K .
U
The average  lo s s  r a t e  o f  He a t  low te m p e ra tu re  ta k e n  o v e r th e  e n t i r e  cy­
c lo t r o n  run  was 0 .17  l . / h o u r .
k
Due t o  th e  g ra d u a l lo s s  o f  l i q u i d  He, i t  was n e c e s s a ry  to  r e f i l l  
th e  r e s e r v o i r  s e v e r a l  tim es  d u rin g  th e  co u rse  o f  th e  seven  day e x p e rim e n t.
He from  a  100 l i t e r  s to r a g e  dewar was in tro d u c e d  in to  th e  He r e s e r v o i r  
o f  th e  t a r g e t  s lo w ly  so t h a t  th e  r e s e r v o i r  tem p e ra tu re  would n o t  r i s e
lj
above 3 .0°K . A l i q u i d  He t r a n s f e r  l i n e  w hich in c o rp o ra te d  a v a lv e  was 
u sed  to  t r a n s p o r t  th e  l i q u i d  from th e  s to ra g e  dewar to  th e  t a r g e t  dewar.
Two powered r e s i s t o r s  spaced  1" a p a r t  a t  th e  bo ttom  o f  a  long
1 /8 "  d iam e te r  s t a i n l e s s  s t e e l  tu b e  ex ten d ed  th ro u g h  an " 0 " - r in g  s e a le d
1* 32p o r t  i n  th e  to p  o f  th e  He r e s e r v o i r .  T h is l e v e l  i n d ic a to r  c o u ld  be
low ered  to  d e te rm in e  th e  l i q u i d  l e v e l  w ith o u t d i s tu r b in g  th e  o p e ra t in g
p re s s u re  in  th e  r e s e r v o i r .
3
In  o rd e r  to  c o n v e rt th e  He from  l i q u i d  back  to  g a s , th e  pumping
kon th e  r e s e r v o i r  was s to p p e d  and th e  He v apo r p re s s u re  a llow ed  t o  r i s e .
There was a  d e la y  in  te m p e ra tu re  change betw een th e  to p  and th e  bo ttom  o f
1* 3
th e  l i q u i d  i n  th e  He r e s e r v o i r ;  th u s  He c o u ld  s t i l l  e x i s t  in  a  l iq u i d
ks t a t e  in  th e  t a r g e t  a r e a  even a f t e r  t h e  v apo r p re s s u re  o v e r  th e  He in d i ­
c a te d  t h a t  th e  te m p e ra tu re  had re a c h e d  1*.2°K. To in c re a s e  th e  c o l l e c t io n
3
r a t e  th e  He gas was pumped from  th e  t a r g e t ;  th e  pumping r e s u l t e d  in  a
3
lo w e rin g  o f  th e  vapor p re s s u re  and consequen t c o o lin g  o f  th e  He l iq u i d .
A c u r r e n t  o f  100 to  U00 mA was th e r e f o r e  a p p lie d  t o  th e  t a r g e t  h e a tin g  
r e s i s t o r  t o  r a i s e  th e  te m p e ra tu re  and fo rc e  th e  l i q u i d  t o  b o i l  o f f  more 
r a p id ly .
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2 . Gas H andling  System
3
The l i q u e f a c t io n  and re c o v e ry  o f  He gas n e c e s s i ta te d  th e  u se  
o f  a  gas h a n d lin g  system  (F ig . k ) . The gas when f i r s t  borrow ed from 
C arneg ie-M ellon  U n iv e rs i ty  was c o n ta in e d  in  a  6 .5  l i t e r  b o t t l e  p r e s s u r iz e d  
to  212 p . s . i .  A l a r g e r  20 l i t e r  s t a i n l e s s  s t e e l  gas c y l in d e r  which co u ld  
be more e a s i l y  r e f i l l e d  t o  a  f i n a l  p r e s s u re  o f  a p p ro x im ate ly  65 p . s . i .  
was p u rch a se d  and s u b s t i tu t e d  f o r  t h e  o r ig in a l  b o t t l e .  To make th e  t r a n s ­
f e r  o f  gas more r a p id  in  ca se  o f  emergency t h i s  s to ra g e  ta n k  was p la c e d  in
a  la r g e  dewar which cou ld  be f i l l e d  w ith  l i q u i d  n i t r o g e n .  The v a lv e s  and
3
o th e r  co n n e c tio n s  were le a k  checked and th e  ta n k  ev a cu a ted  b e fo re  He was
3
a d m itte d . The l i n e s  u sed  to  t r a n s p o r t  th e  He w ere f lu s h e d  w ith  n i tro g e n
li
to  remove any p o s s ib le  He c o n ta m in a tio n , baked o u t w ith  a  h o t a i r  gun ,
“*T 8and ev a cu a ted  t o  p re s s u re s  o f  th e  o rd e r  o f  10 o r  10-  T o rr  u s in g  VacSorb
and V aclon pumps c o n s e c u tiv e ly . These l i n e s  were a rra n g e d  in  such  fa s h io n
3
as  to  a llow  d i f f e r e n t  r o u te s  t o  b e  ta k e n  by th e  He gas under d i f f e r e n t  
c irc u m s ta n c e s . The ac ce ss  to  th e  r e s t  o f  th e  gas p a n e l frcm  th e  20 l i t e r  
s to ra g e  ta n k  was th ro u g h  a  m e te rin g  v a lv e  which r e g u la te d  th e  flow  r a t e .  
T h is  v a lv e  was p u t in to  th e  system  t o  guard  a g a in s t  sudden a c c id e n ta l  
lo s s e s  and t o  d e c re a se  th e  f a i r l y  h ig h  ta n k  p r e s s u r e s  to  a  l e v e l  more 
e a s i l y  managed by th e  r e s t  o f  th e  gas system .
He was in tro d u c e d  in to  th e  t a r g e t  th ro u g h  th e  c o i le d  1 /8 "  
s t a i n l e s s  s t e e l  tu b in g . D uring  th e  f i r s t  s ta g e s  o f  c o o lin g  th e  gas was 
s e n t in  an a lm ost d i r e c t  ro u te  to  t h e  t a r g e t .  The o n ly  b ypass was th ro u g h  
a  c h a rc o a l t r a p ,  shown i n  F ig . U, d e s ig n e d  to  c a tc h  o r  ad so rb  im p u r i t ie s  
from  th e  g a s . The t r a p  c o n s is te d  o f  s ix  c y l in d r i c a l  s t a i n l e s s  s t e e l  c h a r­
c o a l  c o n ta in e r s  which w ere connected  in  s e r i e s .  The c y l in d e rs  were co o led
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i n  a  l i q u i d  n i t r o g e n  b a th  so t h a t  any m a te r ia l  t h a t  l iq u e f i e d  o r  s o l i d i ­
f i e d  a t  o r  above 77°K would be caught a t  t h i s  s ta g e .  B efore  each  u se  th e
t r a p  was baked  o u t ,  e v a c u a te d , and r e - t e s t e d  f o r  le a k s .
3
A f te r  m ost o f  th e  He had l i q u e f i e d  th e  ro u te  t o  th e  t a r g e t  was
changed so t h a t  th e  gas p a s se d  th ro u g h  a  double  p i s to n  t r a n s f e r  pump s im i-
33l a r  t o  t h a t  o f  Erdman, et_ a l . The pump was needed to  fo rc e  low p re s s u re
g as  from  th e  s to ra g e  ta n k  and l i n e s  i n to  th e  t a r g e t  volum e. The o n ly  lu b ­
r i c a t i o n  u sed  in  th e  pump was a  low v ap o r p re s s u r e  g re a se  on th e  t e f l o n  
" 0 " - r in g  s e a l s  o f  th e  p i s to n s .  N e g lig ib le  co n tam in a tio n  o f  th e  He r e ­
s u l t e d  from th e  pump o p e ra t io n . The second p i s t o n ,  in  th e  lo w er c y l in d e r  
o f  th e  pump, was th e  d r iv e  p i s to n .  N itro g en  gas a t  p r e s s u re s  up to  
80 p . s . i .  was in tro d u c e d  th ro u g h  a  four-w ay  s o le n o id  v a lv e  f i r s t  on one
s id e  and th e n  th e  o th e r ,  f o rc in g  th e  p i s to n  t o  c y c le  up and down. The 
3I4.
s o le n o id  c o n tr o l  had v a r ia b le  speed  i n  two o v e rla p p in g  r e g i s t e r s .  T h is  
f e a tu r e  was u s e fu l  i n  ex trem e c a se s  such  as t h a t  i n  which v e ry  low  p re s s u re  
gas was b e in g  e x tr a c te d  from  th e  t a r g e t  and d r iv e n  in to  h ig h  p re s s u re  l i n e s  
le a d in g  t o  t h e  a lm ost f i l l e d  s to ra g e  ta n k .
A Marsh p r e s s u r e  gauge i n  th e  l i n e  betw een th e  20 l i t e r  ta n k  and 
th e  m e te rin g  v a lv e  in d ic a te d  th e  p re s s u re  i n  th e  ta n k  (F ig . *0 . O ther 
Marsh gauges r e g i s t e r e d  th e  p re s s u re  a t  v a r io u s  c r i t i c a l  p o in ts  in  th e  
l i n e s .  A W allace and T ie rn an  Model FA-1 U5 -manometer (0 to  30 p s i .  i n  two
O
r e v o lu t io n s )  was u se d  to  m o n ito r  th e  v ap o r p re s s u re  o f  He i n  th e  t a r g e t  
and th e re b y  t o  de te rm ine  when l i q u e f a c t io n  o c c u rre d  o r ,  a f t e r  th e  l i q u i d  
s t a t e  had  been  re a c h e d , t o  in d ic a te  th e  l i q u i d  te m p e ra tu re . The W allace 
and T ie rn a n  manometer was c a l i b r a t e d  t o  re a d  ze ro  when i t s  r e f e re n c e
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p re s s u re  and th e  unknovn p re s s u re  were th e  same. The re fe re n c e  volume was 
ev acu a ted  d u rin g  th e  p re - ru n  e v a c u a tio n  o f  a l l  copper tu b in g  in  th e  gas 
p a n e l.
In  r e tu r n in g  from th e  t a r g e t  to  th e  20 l i t e r  gas s to ra g e  ta n k  th e
3
He gas was d i r e c te d  th ro u g h  th e  s t r a i g h t  s t a i n l e s s  s t e e l  tu b e  from th e  
t a r g e t  d i r e c t l y  to  th e  ta n k .  The double p i s to n  t r a n s f e r  pump was n o t u sed  
im m ed ia te ly , b u t was e v e n tu a l ly  n e c e s s a ry  fo r  rem oving a s  much gas as 
p o s s ib le  from  th e  t a r g e t ;  ap p ro x im ate ly  1 /3  p . s . i .  ( a b s o lu te )  o f  room
3
te m p e ra tu re  He rem ained  i n  th e  t a r g e t  a f t e r  pum ping. The gas t r a v e r s e d  
th e  t r a n s f e r  pump in  t h e  same d i r e c t io n  as i t  d id  d u r in g  th e  l iq u e f a c t io n  
p ro c e s s  because  o f  one-way in ta k e  and ex h a u st v a lv e s  on th e  pump. The 
a c ce ss  v a lv e s  to  th e  pump were m an ip u la ted  to  keep th e  flow  moving in  th e  
p ro p e r  d i r e c t i o n .
3
At th e  c o n c lu s io n  o f  th e  experim en t th e  He gas was re tu rn e d  to  
th e  s to ra g e  ta n k ,  and th e  gas h a n d lin g  system  was d isc o n n e c te d  from  th e
3
dewar. At t h i s  p o in t  th e  sm ell q u a n t i ty  o f  He rem ain ing  in  th e  l in e s  
escap ed .
C. Beam T elescope
T his experim en t was pe rfo rm ed  a t  th e  600 MeV Space R a d ia tio n  
E f f e c ts  L ab o ra to ry  s y n c h ro c y c lo tro n  in  Newport News, V ir g in ia .  P io n s were 
p roduced  by  bom barding a  v ib r a t in g  b e ry l l iu m  t a r g e t  w ith  th e  i n te r n a l  
p ro to n  beam. N eg a tiv e  p a r t i c l e s  e x i t in g  th e  vacuum ta n k  o f  th e  c y c lo tro n  
were fo c u sse d  by a  quad rupo le  p a i r  n e x t to  th e  vacuum ta n k . The p a r t i c l e s  
c o n tin u e d  th ro u g h  a  h e liu m  f i l l e d  h o le  in  t h e  s h ie ld in g  w a ll  to  a  bend ing
33
magnet which was s e t  t o  a llo w  n e g a tiv e  mesons o f  momentum 180 MeV/c to  
e n te r  o u r c o u n te r  t e le s c o p e .  A f te r  p a s s in g  th ro u g h  th e  te n d in g  magnet th e  
meson beam was c o ll im a te d  by a fo u r  in c h  sq u a re  l e a d - l i n e d  h o le  in  th e  s ix  
fo o t  th ic k  c o n c re te  b lo c k s  s e p a r a t in g  th e  e x p e rim e n ta l a re a  from  th e  bend­
in g  magnet and e x t r a c t io n  channel (F ig . 5 ) .  P o ly e th y le n e  was chosen  to  
degrade th e  energy  o f  th e  beam p a r t i c l e s  in  o rd e r  to  reduce  th e  amount o f  
m u lt ip le  s c a t t e r in g  which would have  r e s u l t e d  from  a  h ig h e r  Z a b so rb in g  
m a te r i a l .  The p o ly e th y le n e  was p la c e d  a t  co n v e n ie n t i n t e r v a l s  a lo n g  th e  
beam te le s c o p e .  The muons s e le c te d  to  s to p  i n  th e  t a r g e t  w ere th o s e  from 
p io n s  decay in g  in  th e  fo rw ard  d i r e c t i o n .
P o ly s ty re n e  ( P i lo t  B) s c i n t i l l a n t s  d e f in e d  th e  beam o r  a c te d  in  
a n t i - c o in c id e n c e  t o  r e g i s t e r  s to p s  (F ig . 5 ) .  The s c i n t i l l a t i o n  l i g h t  was 
view ed th ro u g h  L u c ite  l i g h t  p ip e s  by Amperex 56 AVP p h o to m u l t ip l ie r  tu b e s .  
The tu b e s  w ere s h ie ld e d  from  th e  c y c lo tro n  magnet f r in g in g  f i e l d  w ith  mu- 
m e ta l and th ic k  i r o n  c y l in d e r s . C ounters Cl and S2 d e f in e d  th e  in c id e n t  
beam. A f lu o ro c a rb o n , FC -75, m an u fac tu red  by  th e  3M Company, was u sed  in  
a  Cerenkov c o u n te r  t o  d is c r im in a te  a g a in s t  e le c t r o n s .  S c i n t i l l a t i o n  coun­
t e r  S 3 , th e  t a r g e t  d e f in in g  c o u n te r ,  was im m ed ia te ly  downstream  from  a  2" 
th ic k  le a d  b lo c k  w ith  a  2" sq u a re  c o l l im a tio n  h o le  f i l l e d  w ith  p o ly e th y le n e  
a b s o rb e r . A d jacen t t o  th e  t a r g e t  on th e  downstream  s id e  was a  p l a s t i c  
s c i n t i l l a n t  S5 a c t in g  i n  an a n t i - c o in c id e n c e  mode.. The s ig n a l  Sh from th e  
ph o to tu b e  lo o k in g  d i r e c t l y  a t  th e  t a r g e t  l i q u i d  com pleted  th e  s to p  s ig n a l ,
S I S2 S3 Sh S5 C, where C r e f e r s  t o  th e  Serenkov s ig n a l ,  and a  b a r  i n d i -
2
c a te s  a n t i - c o in c id e n c e .  The dewar w adis w ere o v e r  tw ice  as t h ic k  ( in  g/cm )
3
as th e  t a r g e t  i t s e l f ,  b u t  th e  f a c t  t h a t  He s c i n t i l l a t e s  p e rm itte d
3^
r e j e c t i o n  o f  s to p s  o c c u rin g  in  th e  upstream  w a l l .  However, mesons s to p ­
p in g  in  th e  downstream  w a ll  o f  th e  dewar gave a  p ro p e r  s ig n a l  and , t h e r e ­
f o r e ,  c o n tr ib u te d  to  th e  background.
A 3 mm x 80 mm KeVex S i (L i)  c r y s t a l  m ounted on a  90° d ip s t i c k  
c o ld f in g e r  was u sed  t o  d e te c t  x  r a y s .  The 0 .010" b e ry l l iu m  window o f  th e  
d e te c to r  vacuum ja c k e t  was 0 . 1" from  th e  dewar d u r in g  x - ra y  ru n s  and f u r ­
t h e r  away (u s u a l ly  2 .1 " )  d u rin g  c a l i b r a t io n  r u n s .  In  o rd e r  to  red u ce  
background due to  s t r a y  beam and s c a t t e r in g  u p stream  o f  th e  t a r g e t ,  b o ra te d  
p o ly e th y le n e  b lo c k s  w ere a rra n g e d  n e a r  th e  d e te c to r  and th e  t a r g e t .
The ran g e  cu rv e  (F ig . 6 ) e x h ib i te d  s e p a r a t io n  o f  th e  p io n  and 
muon p e a k s , b u t i t  a l s o  c o n ta in e d  a  l a r g e  number o f  s to p s  on th e  low ab ­
so rb e r  s id e  o f  th e  p io n  p eak . T h is  was caused  p r im a r i ly  by th e  le a d  c o l ­
l im a to r  j u s t  upstream  o f  t h e  t a r g e t  d e f in in g  c o u n te r  (F ig . 5 ) .  P io n s  which 
n o rm ally  would n o t s to p  w ere slow ed down when th e y  s c a t t e r e d  in  th e  le a d ;  
muons e x p e rien c e d  th e  same e f f e c t ,  b u t  i t  was n o t a s  a p p a re n t in  t h i s  c a se  
becau se  o f  th e  p ro x im ity  o f  th e  p io n  and muon p e a k s .
An u n u s u a lly  la r g e  p io n  c o n ta m in a tio n  was p re s e n t  in  ou r muon 
ru n s ,  a s  can be seen  in  F ig . 7 . The m easured m uonic e n e r g ie s ,  w id th s , and 
r e l a t i v e  y ie ld s  w ere n o t a f f e c te d  by  t h i s  backg round , b u t th e  s i t u a t i o n  was 
s u f f i c i e n t l y  anom alous as t o  w a rra n t some e x p la n a tio n . The e f f e c t  i s  h a rd
to  u n d e rs ta n d  when i t  i s  r e c a l l e d  t h a t  th e  irK /yK y i e l d  r a t i o  i s  a p p ro x i-
01 01
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m ate ly  .05  in  He. I n i t i a l l y  we su sp e c te d  an  im proper s e t t i n g  f o r  th e
p o ly e th y le n e  d e g ra d e r , b u t  9 in c h e s  was in  p la c e  as  c a l l e d  f o r  by th e  range
c u rv e . A second muon ru n  ta k e n  a t  9 1 /2  in c h e s  r e v e a le d  a  s im i la r  l e v e l
o f  p io n  c o n ta m in a tio n . T h is  r e s u l t  was in  s o l i d  c o n t r a s t  t o  th e  p io n - f r e e
7
spectrum  o f  Wetmore e t  a l  which a ls o  u sed  fo rw ard  muons. The m ost d i r e c t
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e x p la n a t io n , c o n s is te n t  w ith  a l l  a s p e c ts  o f  th e  m easurem ent, i s  b ased  upon 
th e  p o s s i b i l i t y  t h a t  th e  i n t e r n a l  t a r g e t  o f  th e  c y c lo tro n  was moved in  ra d ­
iu s  subsequen t to  th e  ta k in g  o f  th e  range c u rv e , th u s  re n d e r in g  F ig . 6 ob­
s o l e t e .  I f  t h i s  d id  o ccu r th e n  9 in ch e s  o f  d e g ra d e r  co u ld  e a s i l y  c o r r e s ­
pond t o  a  p o s i t io n  betw een th e  p io n  and muon range  peak  f o r  w hich an ad­
m ix tu re  o f  m esic  x  r a y s  i s  ex p e c te d .
T y p ic a l r a t e s  from  th e  beam te le s c o p e  w ere: 6 x  10^ p a r t i c l e s
p e r  second  f o r  th e  SI S2 m o n ito r; 3^00 to  8500 s to p  s ig n a tu re s  p e r  second 
f o r  muon and p io n  r u n s ,  r e s p e c t iv e ly ;  and 2 to  6 g a te s  p e r  seco n d , where 
th e  g a te  was a  meson s to p  s ig n a tu re  in  c o in c id en c e  w ith  a  s ig n a l  from th e  
S i (L i)  d e te c to r  in  th e  r e q u i r e d  tim e  and energy  i n t e r v a l .
D. E le c t ro n ic s
A b lo c k  d iagram  o f  th e  e le c t r o n ic s  i s  g iv en  in  F ig . 8 . Two m ajor 
s ig n a ls  form ed th e  b a s is  o f  th e  l o g i c ,  which w i l l  be  d e s c r ib e d  h e re  b r i e f l y  
and in  g r e a te r  d e t a i l  be low . The " f a s t "  s ig n a l  in d ic a te d  a  s to p  in  th e
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He t a r g e t ,  and th e  "slow " s ig n a l  in d ic a te d  t h a t  an even t had been  d e te c ­
t e d  in  th e  S i (L i)  c r y s t a l .  The energy  a n a ly z e r  was g a te d  o n ly  when th e r e  
was a  c o in c id e n c e  betw een th e  f a s t  and slow  s ig n a l s .  The tim e  betw een 
th e s e  two s ig n a ls  was s to r e d  in  th e  f i r s t  200 ch an n e ls  o f  a  1+00 channel 
TMC A n a ly zer. When th e  f a s t  and slow  s ig n a ls  were in  c o in c id e n c e , th e  
s ig n a l  t o  th e  t im in g  a n a ly z e r  was r o u te d  t o  th e  upper 200 c h a n n e ls .
In p u ts  S I ,  S2, S3, Sl+, S5, and C in  F ig . 8 co rre sp o n d  t o  th e  
c o u n te rs  shown in  F ig . 5 . In p u t y  r e p r e s e n ts  th e  S i (L i)  d e te c to r .  S ig n a ls  
from  th e  p h o to m u l t ip l ie r  tu b e  b a se s  f i r e d  C h ro n e tic s  d i s c r im in a to r s ;  Model 
101 d is c r im in a to r s  w ere u sed  w ith  c o u n te rs  S I th ro u g h  Sl+, and th e  Model I 5I+ 
was u sed  w ith  th e  Cerenkov c o u n te r  and th e  a n t i - c o u n te r ,  S5. The shaped
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o u tp u ts  o f  th e  d is c r im in a to r s  drove th e  v a r io u s  c o in c id en c e  u n i t s  shown in  
F ig . 7 . The f a s t  c o in c id e n c e , SI S2 S3 SU S5 C, was s e n t  th ro u g h  O rtec  Ul6 
g a te  and d e la y  g e n e ra to r s  (DELAY AMP 1 suid DELAY AMP 2 in  F ig . 8) to  make 
i t  c o in c id e n t in  tim e  w ith  th e  a s s o c ia te d  x - ra y  p u ls e  from th e  S i (L i)  de­
t e c t o r .
An x  ra y  abso rbed  in  th e  S i (L i)  d e te c to r  produced  a  p u ls e  which
was p re a m p lif ie d  by a  T ennelec TC130; th e  f i r s t  s ta g e  o f  p r e a m p li f ic a t io n
employed a  f i e l d  e f f e c t  t r a n s i s t o r  (FET) c o n ta in e d  in  th e  vacuum envelope
w ith  th e  S i (L i)  c r y s t a l .  The FET was a t ta c h e d  to  th e  S i (L i)  c r y s t a l  w ith
s h o r t  le a d s  and b o th  were co o led  a lm ost to  l i q u i d  n i t ro g e n  te m p e ra tu re  in
35o rd e r  t o  o b ta in  b e t t e r  n o is e  c h a r a c t e r i s t i c s .  The o u tp u t o f  th e  TC130 
was f u r th e r  a m p lif ie d  by a  T ennelec TC200 a m p l i f ie r  (LIMEAR AMPLIFIER in  
F ig . 8) w ith  i n te g r a t in g  and d i f f e r e n t i a t i n g  tim e  c o n s ta n ts  o f  3 .2  psec  and 
6.H p s e c ,  r e s p e c t iv e ly .  The s ig n a l  from  th e  f i r s t  s ta g e  o f  th e  a m p l if ie r  
was u sed  in  th e  t im in g  l e g  o f  th e  lo g ic  c i r c u i t r y .  The t h i r d  s t a t e  p ro ­
duced a  p u lse  shaped  f o r  u se  by th e  p u ls e  h e ig h t  a n a ly z e r  (PHA).
The f i r s t  s ta g e  o u tp u t s ig n a l  from  th e  TC200 a m p l i f ie r  was am­
p l i f i e d  in  a  C anberra  In s tru m e n ts  Model UlO l i n e a r  a m p l i f i e r ;  th e  r e s u l t ­
a n t  b ip o la r  p u ls e  was s e n t t o  an O rtec  ^20 s in g le  channel a n a ly z e r  (SCA). 
The SCA was o p e ra te d  w ith  a  window s e t  such  t h a t  low l e v e l  n o ise  p u ls e s  and 
p u ls e s  f a l l i n g  above th e  range  o f  th e  PHA were ex c lu d ed  from  f u r th e r  pro-r 
c e s s in g . One d is c r im in a te d  SCA o u tp u t p ro v id e d  th e  START s ig n a l  f o r  th e  
t im e - to -a m p li tu d e  c o n v e r te r  (TAC), and a n o th e r  was th e  "slow " in p u t to  
th e  f a s t - s lo w  c o in c id e n c e  u n i t .  The f a s t  c o in c id en c e  from th e  beam t e l e ­
scope was u sed  a f t e r  d e lay  a s  th e  STOP s ig n a l  to  th e  TAC. The TAC o u tp u t
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was se n t to  a  U00 channel TMC a n a ly z e r  w hich s to r e d  and d isp la y e d  th e  r e ­
s u l t s .  The f a s t - s lo w  co in c id en c e  drove a  C anberra  In s tru m e n ts  Logic Shaper 
and D elay (F ig . 8) which g a te d  th e  energy  a n a ly z e r ,  a  V ic to re e n  SCIPP 1600. 
T h is  g a te  was a ls o  u sed  t o  r o u te  th e  180 nanosecond w ide tim in g  peak  from 
th e  f i r s t  200 channel s e c t io n  o f  th e  TMC t o  th e  l a s t  200 channel s e c t io n ,  
where each  s e c t io n  re p re s e n te d  a  f u l l  range  o f  one m icro second . The TMC 
d is p la y  in d ic a te d  t h a t  th e  g a te  s ig n a l  to  th e  1600 channel a n a ly z e r  was in  
th e  d e s ir e d  t im in g  i n t e r v a l .
The s ig n a l  from  th e  t h i r d  s ta g e  o f  th e  TC200 a m p l i f ie r  went th ro u g h  
a  d i g i t a l  s t a b i l i z e r  w hich was in c o rp o ra te d  in  th e  system  b u t  e v e n tu a lly  
n o t u sed  becau se  o f  th e  low ev en t r a t e .  I t s  o n ly  e f f e c t  was to  double  th e  
g a in .
The SCA c u to f f  was s e t  below  h-.5  keV (ch an n e l number 135 in  th e
57PHA) s o  as n o t t o  i n t e r f e r e  w ith  th e  lo w e s t energy  p e a k , th e  Fe K 6.1+Q
keV c a l ib r a t io n  l i n e .  The g a in  on th e  a n a ly z e r  was s e t  a t  ap p rox im ate ly  
1+5 eV p e r  ch a n n e l; th e  system  r e s o lu t io n  w ith  beam on was ap p ro x im ate ly  
630 eV a t  6 .^ keV.
E. E xperim en ta l P ro ced u re
3
Muonic and p io n ic  He x - ra y  runs were made as d e s c r ib e d  in  th e
57p re v io u s  two s e c t io n s .  In  seven  o f  th e  n in e  an a ly zed  d a ta  runs  a  Co r a -
57d io a c t iv e  so u rce  had  been  in tro d u c e d . T h is  so u rce  p roduced  Fe K x ra y s  
57a t  6.1t keV and Fe n u c le a r  y ra y s  a t  11+.1+ keV which r e g i s t e r e d  a c c id e n ta l  
c o in c id en c e s  w ith  s to p p in g  muons o r  p io n s .  The r e s u l t i n g  peaks appeared  in  
each  spectrum  w ith  th e  ^He muonic and p io n ic  x ra y s  and se rv e d  as  in - ru n
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3 57energy  c a l i b r a t i o n s .  The He x  ra y s  w ere b ra c k e te d  by  th e  Fe l i n e s ;
th e r e  was l i t t l e  o v e rla p  among th e  v a r io u s  p e a k s . In  a d d i t io n  to  b e in g
used  f o r  energy  c a l i b r a t i o n  and f o r  a  m easure o f  th e  system  l i n e a r i t y ,  th e
c a l i b r a t i o n  peaks gave an in d ic a t io n  o f  th e  amount o f  d r i f t  t h a t  to o k  p la c e
d u rin g  t h e  ru n . D r i f t s  were e s p e c ia l ly  im p o rta n t to  c o n s id e r  b ecau se  o f
th e  le n g th  o f  th e  ru n s  -  u s u a l ly  th re e  hours f o r  p io n  runs and f iv e  to
e ig h t  h o u rs  f o r  muons r u n s .
C a l ib r a t io n  runs w ere ta k e n  b e fo re  and a f t e r  each  e x p e rim e n ta l
57ru n . The c a l i b r a t io n  peaks c o l l e c te d  in c lu d e d  th e  Fe peaks and K x - ra y
l in e s  from  e i t h e r  a  Se so u rc e  f o r  p io n  ru n s  o r  a  Zn so u rce  f o r  muon
ru n s . The Se and Zn so u rc e s  produce As and Cu Ka  x - ra y  l i n e s  which
a re  v e ry  n e a r  th e  p io n ic  and muonic K x - ra y  l i n e s ,  r e s p e c t iv e ly  (compare
(X
T ab les IV and VT).
The m ylar en v e lo p es  c o n ta in in g  th e  a p p ro p r ia te  r a d io a c t iv e  so u rc e s
f o r  a  sp e c if ic )  run w ere ta p e d  t o  th e  c r y o s ta t  window w h ile  th e  run  was
i n  p r o g re s s .  No meson s to p  s ig n a l  was r e q u i r e d  t o  g a te  th e  a n a ly z e r  f o r
c a l i b r a t i o n  ru n s ;  t h e r e f o r e ,  th e  so u rce  coun t r a t e  i n  c a l i b r a t io n  mans was
low ered  by  moving th e  S i (L i)  d e te c to r  2" back from  i t s  d a ta - ru n  p o s i t i o n .
A s e r i e s  o f  p u l s e r  peaks a t  r e g u la r  i n t e r v a l s  was accum ulated  f o r
th e  pu rp o se  o f  c a l i b r a t in g  th e  energy  re sp o n se  o f  th e  system  in  d e t a i l .  A
p r e c i s io n  p u l s e r  was in c o rp o ra te d  i n to  th e  system  a t  th e  t e s t  in p u t t o  th e
TC130 p r e a m p l i f ie r .  The p u l s e r  (P u ls e r  P r e c i s io n ) ,  s im i la r  t o  one made by 
37B ig g e r s t a f f , p roduced  a  p u ls e  whose shape d u p l ic a te d  th e  s ig n a l  from th e  
s i l i c o n  d e te c to r .  P u lse  h e ig h t  i n t e r v a l s  w ere chosen  such  t h a t  th e  r e s u l ­
t i n g  peaks (10 chan n els  FWHM) w ere 30 channels  a p a r t  on th e  PHA and th u s
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e a s i l y  r e s o lv e d . The f i r s t  fo u r  hundred  c h a n n e ls , where th e  peaks o f  i n ­
t e r e s t  were s i t u a t e d ,  w ere in v e s t ig a te d  in  t h i s  way. The m easured i n t e ­
g r a l  and d i f f e r e n t i a l  n o n - l i n e a r i t y  w i l l  be  d isc u s s e d  i n  C hap ter IV.
IV . DATA ANALYSIS AND EXPERIMENTAL RESULTS
T h is  c h a p te r  c o n ta in s  a  d e s c r ip t io n  o f  th e  a n a ly s is  o f  th e  d a ta
produced  "by th e  e x p e rim e n ta l system  d is c u s s e d  in  th e  p re c e d in g  c h a p te r .
S e c tio n  A d e s c r ib e s  th e  g e n e ra l  a n a ly s is  b a s ic  t o  th e  d e te rm in a tio n  o f  th e
3
e n e r g ie s ,  w id th s , and r e l a t i v e  y i e ld s  o f  x  r a y s  in  He. S e c tio n  B c o n ta in s  
a  d e s c r ip t io n  o f  th e  a n a ly s is  a p p lic a b le  s p e c i f i c a l l y  to  th e  d e te rm in a tio n  
o f  t r a n s i t i o n  e n e rg ie s .  S e c tio n s  C and D p re s e n t  th e  s p e c i f i c  te c h n iq u e s  
a p p lic a b le  t o  th e  a n a ly s is  o f  th e  w id th  and y i e l d  m easurem ents, r e s p e c t iv e ly .
A com parison o f  th e  e x p e rim e n ta l v a lu e s  w ith  th e  t h e o r e t i c a l  p r e ­
d ic t io n s  i s  re s e rv e d  f o r  Sec . V I.
A. G eneral A n a ly s is
T h is  s e c t io n  in c lu d e s  d is c u s s io n s  o f  th e  fo llo w in g  s u b je c ts :
3
th e  He m esonic x - ra y  s p e c t r a ,  c o n ta m in a tio n  in  th e  s p e c t r a ,  com puter f i t s  
to  th e  m esonic x - ra y  and c a l i b r a t i o n  p e a k s , c a l i b r a t io n  e n e r g ie s ,  PHA g a in , 
system  n o n - l i n e a r i t i e s ,  and Compton s c a t t e r in g .
3
1 . M esonic He S p e c tra
3
The muonic and p io n ic  He x - ra y  peaks and th e  c a l i b r a t i o n  peaks
a l l  l a y  i n  th e  f i r s t  U00 ch an n els  o f  th e  1600 channel PHA. F ig u re  7 i s  a
p lo t  o f  th e  y -  ^ He spectrum  i n  w hich th e  ^ F e  c a l i b r a t io n  spectrum  was a ls o
c o l l e c te d .  The y-K and y-K0 peaks a re  r e a d i ly  o b s e rv a b le . The y-K„ a ls oa  p p
57c o n ta in s  h ig h e r  u n re so lv e d  K l i n e s .  The Fe K\ and K„ x - ra y  peaks and th eu P
UO
o
lU.U keV n u c le a r  y  r a y  b ra c k e t th e  He p e a k s . As was m entioned  in  S ec . I l l ,  
th e  p io n  co n tam in a tio n  i s  q u i te  h ig h , so t h a t  p io n ic  K - lin e s  sure o b se rv ed
in  a d d it io n  t o  th e  muonic and c a l i b r a t i o n  l i n e s .  F ig u re s  9a and 9b a re
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tt-  He s p e c t r a  w ith  and w ith o u t th e  Fe sp ec tru m , r e s p e c t iv e ly .  The p o s i -
ITP
t io n s  o f  th e  Cu and As K l i n e s  a re  m arked on F ig . 9a t o  i n d ic a te  wherea
3 3th e y  f a l l  in  r e l a t i o n  to  th e  He l i n e s . The He ir-K and ir-K0 peaks a reot p
c le a r l y  seen  i n  b o th  F ig s . 9a  and 9h; th e  tt-K^ peak ( c o n ta in in g  h ig h e r
57o rd e r  u n re so lv e d  ir-K l i n e s )  i s  more obv ious i n  F ig . 9 b , i n  w hich th e  Fe 
lU.l* keV y  r a y  i s  n o t p r e s e n t .
3
2. C ontam ination  o f  th e  He S p e c tra
Contam inant peaks (from  e lem en ts  o th e r  th a n  He) app eared  o u ts id e  
th e  f i r s t  1*00 c h a n n e ls . The com plete 1600 channel p r in t e d  o u tp u t  was manu­
a l l y  p l o t t e d  fo r  s e v e r a l  ru n s  i n  o rd e r  to  f in d  and i d e n t i f y  th e s e  con tam i­
n a n ts .  A ll  o b se rv a b le  peaks in  ch an n els  0 -  1*00 were i d e n t i f i a b l e  as
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coming from  th e  c a l i b r a t i o n  so u rc e  o r  a  p io n ic  o r  muonic He atom . None­
t h e l e s s ,  th e  p o s s i b i l i t y  o f  some sm all u n re so lv e d  c o n ta m in a tio n  in  t h i s  
range  rem ained . In  b o th  m uonic and p io n ic  r u n s ,  peaks co rre sp o n d in g  to  
th e  aluminum p io n ic  l*-3 and th e  oxygen p io n ic  3 -2  t r a n s i t i o n  e n e rg ie s  were 
o b se rv e d  in  ch an n e ls  h ig h e r  th a n  1*00. Both o f  th e s e  c o u ld  have been  p ro ­
duced i n  th e  t a r g e t  l i n e r  w hich was made o f  aluminum and p a in te d  w ith  an
o x id e  o f  t i ta n iu m . Aluminum and oxygen have h ig h e r  o rd e r  x r a y s  w ith
e n e rg ie s  n e a r  th e  K -s e r ie s  e x o t ic  h e liu m  x  r a y s ;  p o s s ib le  l i n e s  contam ina­
t i n g  th e  ^He s p e c t r a  were
1*2
Aluminum
p io n ic Bohr muonic Bohr
t r a n s i t i o n energy t r a n s i t i o n energy
6-5 7 .7  keV 7-5 9 .2  keV
7-5 1 2 .3 8-5 1 1 .9
5-1* l l* . l 9-5 1 3 .5
5-1* 1 0 .8
Oxygen
p io n ic Bohr muonic Bohr
t r a n s i t i o n energy t r a n s i t i o n energy
9-5 6 .6  keV 6-1* 6 .3  keV
6-1* 8 .3 7-1* 7 .7
7-1* 1 0 .1 8-1* 8.1*
8-1* 1 1 .2 1*—3 8 .9
1*—3 1 1 .6 5-3 1 3 .0
6-3 1 5 .2
The i n t e n s i t i e s  o f  th e s e  h ig h e r  o rd e r  l i n e s  i s  ex p e c te d  t o  be so much low er 
th a n  t h a t  o f  th e  obse rv ed  aluminum and oxygen x  ra y s  due t o  low er r a d i a -
OQ
t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  and h ig h e r  Auger r a t e s  t h a t  t h e i r  e f f e c t  
was re g a rd e d  as i n s i g n i f i c a n t .
T here was some q u e s tio n  about w h e th er th e  peak  th o u g h t to  be th e
16 90 p io n ic  3 -2  t r a n s i t i o n  m ight in s te a d  be a  Be V-K o r  be  c o n c e a lin g  t h i s
o
l i n e .  The p re se n c e  o f  t h e  Be y-’K v o u ld  im ply th e  tro u b leso m e p re se n c e
o f  Be p io n ic  3-2 and U—2 t r a n s i t i o n s  a t  ap p ro x im ate ly  8 .25  keV and 1 1 .1  keV,
9
r e s p e c t iv e ly .  The p o s s i b i l i t y  o f  Be c o n ta m in a tio n  was r e j e c t e d  b ecause  o f
th e  f a c t  t h a t  th e  number o f  co u n ts  under th e  q u e s tio n a b le  p e a k , n o rm alized
3
t o  th e  number o f  coun ts  i n  th e  He tt-K^ p e a k , was no l a r g e r  in  a  muon run
th a n  in  a  p io n  ru n . T hus, th e  con tam inan t was a  p io n ic  p eak . The. 
g
la c k  o f  Be c o n ta m in a tio n  was a d d i t io n a l ly  confirm ed  by th e  absence  o f
th e  ^Be tt-K . l i n e . a
3. Computer F i t s  to  S p e c tr a l  Peaks
Muonic and p io n ic  x - ra y  l i n e s  as  w e ll  as c a l i b r a t io n  peaks were
39f i t  by th e  m ethod o f  l e a s t  sq u a res  t o  o n e , tw o , o r  th r e e  G aussians
superim posed on a  s lo p in g  s t r a ig h t  l i n e  background . The p io n ic  x - ra y
peaks w ere i n  p r in c ip le  composed o f  th e  c o n v o lu tio n  o f  a  L o re n tz ia n  and
3
a  G aussian . The L o re n tz ia n  b ro ad en in g  f o r  th e  p io n ic  K s e r i e s  in  He,
a r i s in g  p red o m in an tly  from  l s - s t a t e  a b s o rp t io n , was e x p e c te d  t o  be q u i te
s m a ll,  so t h a t  th e  l i n e  shape cou ld  be  w e ll  approx im ated  by
a  G aussian . The in s tru m e n ta l  b ro ad en in g  was assumed to  be G aussian  in
sh ap e. The c o n v o lu tio n  o f  two G aussians i s  a  t h i r d  G aussian . For th e s e
rea so n s  i t  was c o n s id e re d  re a so n a b le  t o  f i t  th e  p io n ic  peaks to  a  sim ple
3
G aussian . The m uonic He peaks and th e  c a l i b r a t io n  peaks had  n e g l ig ib le  
n a tu r a l  b ro ad en in g  and th u s  c o n s is te d  sim ply  o f  in s t ru m e n ta l ly  b roadened  
G aussian  p e a k s . E vidence t h a t  th e  G aussian  fo rm ula  was s u f f i c i e n t  i s  con­
ta in e d  in  th e  f a c t  t h a t  t h e  n o rm a lized  c h i- s q u a re s  o f  th e  f i t s  w ere , in  
g e n e r a l ,  c lo s e  t o  u n i ty .  The p a ra m e te rs  u sed  i n  th e  f i t  p ro ced u re  were 
th e  s lo p e  m and i n te r c e p t  b_ o f  th e  backg round , and th e  am p litude  , cen­
t e r  ch an n el p o s i t i o n  x ^ , and f u l l  w id th  a t  h a l f  maximum o f  each  G aussian . 
The f i t t i n g  fu n c t io n  i s  th e n
G(x) = mx + b + I  A. exo  [ - ( x  -  x . ) ^ / 2 a . 2 ] ,i  l
where = 1 ^ /2 .3 5 5 , and th e  sum i s  o v e r  a l l  G aussians in c lu d e d  in  th e  
f i t .  E s tim a te s  o f  t h e  p a ra m e te rs  w ere in tro d u c e d  i n to  th e  com puter
lilt
program  as i n i t i a l  v a lu e s  to  be  u sed  in  th e  f i r s t  i t e r a t i o n  o f  th e  p ro ­
gram. F in a l  v a lu e s  f o r  th e  p a ra m e te rs  w ere produced  by th e  program  i f  
convergence was reach ed  w ith in  a  s u i t a b le  number o f  i t e r a t i o n s ,  u s u a lly  
99.
The d e c is io n  re g a rd in g  th e  number o f  G aussians to  be f i t t e d  was 
b a se d  on v i s u a l  in s p e c t io n  o f  th e  g raphed  d a ta .  I f  th e  background le v e l  
was n o t v i s i b l e  betw een two p e a k s , a  two G aussian  f i t  was g e n e ra l ly  em­
p lo y e d . Sometimes b o th  one and two G aussian  program s would be u sed  and 
th e  r e s u l t s  com pared; th e  s e t  o f  v a lu e s  w ith  th e  s m a lle r  c h i- s q u a re  was 
u se d . The th r e e  G aussian  program  was r e s e rv e d  f o r  p a r t i c u l a r l y  d i f f i c u l t  
s i t u a t i o n s .  The la r g e  number o f  p a ra m e te rs  to g e th e r  w ith  th e  f a c t  t h a t  
a  l a r g e r  number o f  i t e r a t i o n s  was u s u a l ly  needed t o  s a t i s f y  o u r  conver­
gence c r i t e r i a  made th e  com puter tim e ex tre m e ly  long  f o r  th e  th r e e  
G aussian  f i t .
57The com bination o f  th e  ir-K0 and the tt-K x  rays w ith  the Fe
0 Y
lU . k keV y r a y  r e q u ir e d  a  th r e e  G aussian  f i t ,  as may be seen  by exam ina-
3
t i o n  o f  F ig . 9 a . Because t h e  He tt-K j and h ig h e r  o rd e r  peaks a re  in
p r in c ip le  c lo s e  t o  th e  it-K^ and i n  p r a c t ic e  u n re s o lv a b le  from  i t ,  th e
tt-K^ was n o t a  p e r f e c t  G aussian . N e ith e r  d id  i t  c o n ta in  many e v e n ts ,  so
t h a t  t h e  s e t  o f  th r e e  peaks was d i f f i c u l t  to  f i t  by th e  t h r e e  G aussian
57program . An a tte m p t was made t o  s u b t r a c t  th e  Fe y  r a y  from  th e  d a ta  and
t o  f i t  th e  tt—K0 and tf^ -K w ith  two G aussians on a  s lo n in g  background , b u t p Y
t h a t  p roved  -u n su ccessfu l. Thus, th e  t h r e e  G aussian  f i t  was u sed  when i t
3 57converged ; o th e rw is e , peak p a ra m e te rs  f o r  th e  He -rr-Kg and th e  Fe y  ra y
were o b ta in e d  from  one G aussian  f i t s .
k5
In  a l l  c a se s  s e v e r a l  f i t s  t o  th e  same p e a k (s )  w ere made; each 
f i t  in c lu d e d  a  d i f f e r e n t  number o f  channels  in  th e  i n t e r v a l  around th e  
p e a k ( s ) .  S ince  i t  was n o t obvious t h a t  one p a r t i c u l a r  i n t e r v a l  sh o u ld  
g iv e  th e  b e s t  s e t  o f  v a lu e s  f o r  th e  p a ra m e te rs , an av erag e  o f  th e  r e s u l t s  
was ta k e n . The u n c e r t a in t ie s  f o r  each in d iv id u a l  f i t  were ap p ro x im ate ly  
th e  sam e, b u t th e  c e n t r a l  v a lu e s  f lu c tu a te d  (F ig . 1 0 ) . The u n c e r ta in ty  
on th e  average  was ta k e n  i n  such  a  m anner as to  in c lu d e  th e  maximum ex­
c u rs io n  o f  th e  u n c e r t a in t i e s  on th e  in d iv id u a l  m easurem ents.
k .  C a l ib r a t io n  L ine E n erg ies
Some v a lu e s  fo r  th e  e n e rg ie s  o f  th e  c a l i b r a t io n  l i n e s  w ere
a v a i la b le  d i r e c t l y ,  b u t o th e r s  had  to  be c a lc u la te d  from  com bina tions o f
v a lu e s  found i n  th e  l i t e r a t u r e .  F o r exam ple, th e  e n e rg ie s  o f  th e  Kg l i n e s
from  F e , Cu, and As w ere c a lc u la te d  by ta k in g  w e ig h ted  sums o f  K
and K l i n e  e n e r g ie s .  The c a l i b r a t io n  peak e n e rg ie s  used  in  t h i s  a n a ly -  
2
s i s  a re  g iven  in  T ab le  IV. The r e l a t i v e  p o s i t io n s  o f  th e  c a l i b r a t io n
/Tr
l i n e s  a re  shown in  F ig . 11 . The Cu and As so u rc e s  were n o t in
g e n e ra l  c o l l e c te d  s im u lta n e o u s ly  b ecau se  o f  t h e i r  p ro x im ity . They a re
shown to g e th e r  i n  F ig . 11 o n ly  f o r  th e  sake o f  b r e v i t y .
6*5The Cu so u rc e  was chosen b ecau se  i t s  K. l i n e  energy  was v e ry
(X
o
c lo s e  (ap p ro x im a te ly  100 eV) t o  th e  e x p e c te d  He m uonic Kg e n e rg y , and
75 3th e  As was known to  b e  w ith in  200 eV o f  th e  e x p e c te d  He p io n ic  Kg
x - ra y  en e rg y . By u s in g  c a l ib r a t io n  l i n e s  whose e n e rg ie s  ap p ro x im ate ly  
m atched th e  Kg e x o tic  x - ra y  e n e rg ie s  th e  s y s te m a tic  e r r o r s  and u n c e r ta in ­
t i e s  due t o  i n t e g r a l  and d i f f e r e n t i a l  n o n - l i n e a r i t i e s  were m in im ized .
T h is  w i l l  b e  d is c u s s e d  in  more d e t a i l  i n  S e c s . B and C o f  t h i s  c h a p te r .
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5. P u lse  H eigh t A nalyzer Gain
C a l ib r a t io n  runs w ith  s p e c t r a  s im i la r  to  t h a t  in  F ig . 11 were 
ta k e n  b e fo re  and a f t e r  each  x - ra y  d a ta  ru n . The g a in  o f  th e  PHA i s  
g iv en  by
E -  E
M = ------------  e V /ch an n e l,
X3 "  X1
where E _ re fe rs  t o  energy  and x  to  th e  PHA ch an n el number. The s u b s c r ip ts
571 and 3 r e f e r  to  th e  two Fe c a l i b r a t i o n  l i n e s .  The u n c e r ta in ty  in  th e  
g a in  i s  g iven  by
(AM)2 = M2
(AE1 )2 + (AE3 )2 (Ax1 )2 + (Ax^)2
(E3 -  l /  + (x3 -
(7)
where Ax and AE a re  th e  u n c e r t a in t i e s  i n  channel number and e n e rg y , r e s ­
p e c t iv e ly .  The g a in  M and a s s o c ia te d  u n c e r ta in ty  AM were found f o r  each
57c a l i b r a t io n  ru n  s e p a r a te ly ,  u s in g  th e  Fe Kq x ra y  and l l t . l t  keV y  ray  as 
c a l i b r a t io n  l i n e s .  The g a in  f o r  an x - ra y  d a ta  ru n  b ra c k e te d  in  tim e  by 
two c a l i b r a t i o n  ru n s  was ta k e n  to  be th e  av erag e  o f  th e  v a lu e s  found f o r  
th e  c a l i b r a t io n  ru n s  s e p a r a te ly .  The u n c e r ta in ty  i n  M was chosen  la r g e  
enough t o  in c lu d e  th e  in d iv id u a l  m easurem ents w ith  t h e i r  a s s o c ia te d  un­
c e r t a i n t i e s  .
A m easure o f  th e  in h e r e n t  n o n - l i n e a r i t y  o f  th e  PHA and o th e r  
e l e c t r o n i c s ,  n e g le c t in g  d r i f t s  in  t im e , was o b ta in e d  from th e  p u l s e r  peaks 
c o l l e c te d  a s  d e s c r ib e d  i n  S ec . I I I . E .  The peaks w ere i n d iv id u a l ly  f i t t e d  
w ith  G au ss ian s . The v a lu e s  o f  t h e  c e n tro id s  w ere th e n  u sed  to  de te rm ine  
th e  i n t e g r a l  n o n - l i n e a r i t y ,  i . e . ,  th e  la r g e  s c a le  n o n - l i n e a r i t y .  The
d i f f e r e n t i a l  n o n - l i n e a r i t y ,  e s s e n t i a l l y  a  m easure o f  th e  f in e - s t r u c t u r e  
n o n - l i n e a r i t y ,  co u ld  n o t he  m easured u s in g  th e  p u l s e r  p eaks b ecau se  o f  
t h e i r  l a r g e  s e p a r a t io n s .  S in ce  n o n - l i n e a r i t i e s  a f f e c t  th e  energy  and 
w id th  m easurem ents q u i te  d i f f e r e n t l y ,  f u r t h e r  d is c u s s io n  w i l l  be d e fe r re d  
u n t i l  th e  s e c t io n s  d ev o ted  s p e c i f i c a l l y  t o  th o s e  s u b je c t s .
The c a l i b r a t i o n  ru n s  w ere a ls o  exam ined t o  d e te rm in e  th e  system  
i n t e g r a l  n o n - l i n e a r i t y .  The r e s u l t s  showed th e  same t r e n d  as t h a t  seen  
in  th e  p u ls e r  p e a k s , though  more e x a g g e ra te d . S in ce  th e  p u l s e r  d a ta  
covered  th e  channel r e g io n  in  more d e t a i l ,  i t  was u sed  i n  th e  s p e c i f i c a ­
t io n  o f  th e  system  n o n - l i n e a r i t y ,  and th e  c a l i b r a t i o n  ru n  d a ta  was u sed  
to  s e t  th e  l i m i t s  on th e  u n c e r ta in ty .
6 . Compton E f fe c t
Due to  th e  geom etry  and v a r io u s  th ic k n e s s e s  o f  m a te r ia l  th ro u g h  
3
which th e  He x ra y s  had  t o  t r a v e l  b e fo re  e n te r in g  th e  d e te c to r ,  th e  e f f e c t  
o f  Compton s c a t t e r in g  was exam ined. Because th e  Compton s c a t t e r e d  x ra y s  
f a l l  u nder th e  u n s c a t te r e d  x - ra y  p e a k , th e  lo w e rin g  th ro u g h  Compton s c a t ­
t e r i n g  o f  th e  energy  o f  a  s ig n i f i c a n t  number o f  e x o t ic  x  ra y s  would p ro ­
duce a  s h i f t  i n  th e  m easured  t r a n s i t i o n  e n e rg y . F o llo w in g  D avison and 
1^ 0 3Evans th e  He Compton s c a t t e r in g  c o e f f i c i e n t  was c a lc u la te d  t o  be
2 He 3ap p ro x im ate ly  0 .25  cm /g  i n  th e  energy  ran g e  o f  th e  He muonic and p io n ic
x  r a y s .  The f r a c t i o n  o f  x  ra y s  s c a t t e r e d  i s
where i s  th e  d e n s i ty  and x ^ th e  d is ta n c e  t r a v e l l e d  in  th e  i  s c a t t e r ­
in g  medium. The sum i s  o v e r  a l l  ty p e s  o f  m edia t r a v e r s e d .  Assuming t h a t
th e  same number o f  x ra y s  were s c a t t e r e d  tow ard  th e  d e te c to r  as w ere d i ­
v e r te d  away from  i t ,  i t  was found t h a t  ap p ro x im ate ly  5 1 /2 $  o f  th e  x  ra y s  
w hich rea c h e d  th e  b e ry l l iu m  window a t  th e  end o f  th e  t a r g e t  volume had 
d im in ish e d  energy  due t o  s c a t t e r in g  i n  th e  t a r g e t .  The f r a c t i o n  o f  x  ra y s  
s c a t t e r e d  i n  th e  v a r io u s  t h i n  windows o f  th e  t a r g e t  c r y o s ta t  was a p p ro x i­
m a te ly  k%. Some o f  th e s e  would n e v e r  e n te r  th e  d e te c to r ,  w h ile  o th e r s  
a f t e r  s c a t t e r in g  would b e  d e te c te d  a t  reduced  e n e rg ie s .  Thus th e  t o t a l  
f r a c t i o n  o f  x ra y s  h av in g  been  s c a t t e r e d  b e fo re  re a c h in g  th e  d e te c to r  
was l e s s  th a n  9$. The Compton s h i f t e d  energy  v a lu e  i s  g iv en  by
E 1 = E0mc2/[m c2 + EQ( l  -  cos 0 )]  ,
2
where Eq i s  th e  o r ig i n a l  e n e rg y , me i s  th e  e le c tr o n  m ass-en e rg y , and 9 
i s  th e  s c a t t e r in g  a n g le . The maximum en erg y  s h i f t  (0 .3 8  keV a t  Eq =
10 keV) o ccu rs  f o r  cos 0 = - 1 ;  t h i s  backw ard s c a t t e r in g  o b v io u s ly  cannot 
o c cu r i n  th e  b e ry l l iu m  windows becau se  o f  th e  e x p e rim e n ta l l a y o u t ,  b u t
3
can o c cu r in  th e  l i q u i d  He.
Because th e  f a c to r s  e n te r in g  in to  th e  d e te rm in a tio n  o f  th e  
amount and d i r e c t i o n  o f  s c a t t e r in g  were num erous, as in d ic a te d  above, and 
b ecause  th e  e f f e c t  on th e  x  ra y s  was s m a ll ,  i t  was f e l t  t h a t  th e  e f f e c t s  
o f  th e  Compton p ro c e s s  co u ld  b e  e s t im a te d  w ith  th e  h e lp  o f  c e r t a i n  approx­
im a tio n s . Thus a  co n v en ien t energy  d i s t r i b u t i o n  o f  th e  s c a t t e r e d  x ra y s  
was chosen in  f ig u r in g  th e  e f f e c t s  on th e  e n e r g ie s ,  w id th s , and y i e l d s .
In  t h i s  energy  d i s t r i b u t i o n  a l l  o f  th e  s c a t t e r e d  x r a y s ,  ta k e n  to  be 8$ 
o f  th e  t o t a l , a re  assumed t o  have an energy  E * Eq -  E ' / 2 .  The Compton 
in f lu e n c e  w i l l  be  d isc u s s e d  s e p a r a te ly  f o r  th e  e n e r g ie s ,  w id th s ,  and y ie ld s  
in  th e  fo llo w in g  s e c t io n s .
U9
B. E n e rg ie s
1 . D isc u ss io n
F or each ru n  th e  energy  E o f  each  e x o tic  x  ra y  was c a lc u la te d
57from  one o f  two e x p re s s io n s . For th e  irK0 and ttK x ra y s  th e  Fe lU.U
p Y
keV y ra y  was th e  n e a r e s t  c a l i b r a t i o n  l i n e  so t h a t  th e  e n e rg ie s  were de­
te rm in e d  u s in g  th e  e q u a tio n
Eu  -  E3 -  M(*3 -  *«> • <8)
where x^ i s  th e  ch an n el number c o rre sp o n d in g  t o  energy  E ^ , and th e  o th e r  
q u a n t i t i e s  a re  as d e f in e d  i n  th e  p re c e d in g  s e c t io n .  M i s  th e  average  
v a lu e  ta k e n  from th e  c a l i b r a t i o n  rim s b ra c k e t in g  th e  d a ta  ru n . The p o s i ­
t io n s  x„ and x were b o th  ta k e n  from  th e  d a ta  ru n .3 u
The e n e rg ie s  o f  th e  yK , yKOJ and ttK x r a y s  were a l l  v e ry  n e a ru p  u
e i t h e r  th e  Cu K o r  th e  As K l i n e .  Thus th e s e  c a l i b r a t io n  l i n e s  a  ot
3
were u sed  in  c a lc u la t in g  th e s e  He t r a n s i t i o n  e n e rg ie s .  In  o rd e r  to  l o -
rrc /Tp
c a te  th e  p o s i t io n  i n  th e  spectrum  t h a t  th e  As o r  Cu would occupy
3
i f  i t  had  been  c o l l e c te d  c o n c u rre n tly  w ith  th e  He x  r a y s ,  th e  r a t i o  
x3 “  *1
was g e n e ra te d  from  each  c a l i b r a t io n  ru n . Here Xg i s  th e  channel c o r r e s -  
ponding  t o  e i t h e r  th e  Cu o r  th e  As l i n e .  The av erag e  ta k e n  from th e  
c a l i b r a t io n  ru n s  b e fo re  and a f t e r  th e  d a ta  ru n  was u sed  as  th e  R v a lu e  
f o r  t h a t  d a ta  ru n . The u n c e r ta in ty  AR was found i n  a  m anner i d e n t i c a l  
to  t h a t  u sed  f o r  a s s ig n in g  an u n c e r ta in ty  on th e  g a in .
50
75The uKn and ttK peaks were n e a re r  th e  As K l i n e  th a n  t o  p a  a
57e i t h e r  o f  th e  Fe l i n e s ,  so t h a t  th e  u se  o f  th e  r a t i o  R was e f f e c t iv e
f o r  m in im izing  n o n - l i n e a r i t y  e r r o r s .  Because o f  th e  la c k  o f  ^ C u  c a l i -
75b r a t io n  runs b ra c k e tin g  one o f  th e  two yK^ r u n s ,  As c a l ib r a t io n s  w ere 
u sed  in s te a d .
The e x p re s s io n
Eu = E2 + M(xu  -  x 2 ) = E2 + M [xu -  R(x3 -  X;L) -  xx ] (9)
was u sed  t o  c a lc u la te  th e  energy  o f  th e  yK , yKa , and ttK l i n e s .  Thea  p  a
v a lu e s  f o r  x ^ , x ^ , and xy w ere ta k e n  from  th e  d a ta  ru n , b u t M and R w ere
av e rag es  from  th e  accom panying c a l i b r a t i o n  ru n s .  When th e  d a ta  ru n  d id
57 57n o t in c lu d e  th e  Fe sp ec tru m , th e  p o s i t io n  o f  th e  d e s ir e d  Fe c a l i b r a ­
t i o n  l i n e  was o b ta in e d  by ta k in g  th e  average  o f  th e  peak  p o s i t io n s  in  th e  
b ra c k e t in g  c a l ib r a t io n  ru n s .
The u n c e r ta in ty  AE^ on th e  energy  E^ i s  g iv en  by
(AEu )2 = (AE± )2 + (xu  -  x ± )2 (AM)2 + M2 [(Axu ) 2 + (A x ^ 2 ]
where i  d en o te s  th e  Fe y r a y  in  th e  f i r s t  case  above (Eq.. ( 8 ) )  and 
e i t h e r  th e  ^ C u  K l i n e  o r  t h e  "^As K l i n e  i n  th e  second (Eq.. ( 9 ) ) .
Oh Oh
The v a lu e  u sed  f o r  M i n  each d a ta  nan was ta k e n  from  c a l i b r a ­
t i o n  ru n s  b ra c k e t in g  th e  d a ta  ru n  r a t h e r  th a n  b e in g  c a lc u la te d  from c a l i ­
b r a t io n  peaks i n  th e  d a ta  n a n , becau se  th e  u n c e r ta in ty  AM was th e re b y  
s m a l le r .  The j u s t i f i c a t i o n  f o r  u s in g  t h i s  M v a lu e  and a ls o  f o r  u s in g  th e  
average  v a lu e  f o r  th e  r a t i o  R ta k e n  from  b ra c k e tin g  c a l i b r a t i o n  ru n s  i s  
as fo llo w s . The energy  c a l ib r a t io n  o f  th e  PHA co u ld  undergo a  s l i g h t
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s h i f t  d u r in g  th e  co u rse  o f  an e x p e rim e n ta l ru n ; t h a t  i s ,  th e  channel num­
b e r  c o rre sp o n d in g  to  a  g iv en  energy  co u ld  change. T h is s h i f t i n g  would 
a f f e c t  th e  g a in  o f  th e  system  such t h a t  th e  v a lu e  f o r  M o r  R m easured  in  
a  c a l i b r a t io n  ru n  b e fo re  a  d a ta  ru n  m ight n o t be t h e  same as th e  v a lu e  
o b ta in e d  from  a  l a t e r  c a l i b r a t io n  ru n . C o n sid e rin g  t h a t  th e  c a l i b r a t io n  
ru n s  b r a c k e tin g  a  g iv en  d a ta  ru n  w ere s e p a ra te d  in  tim e by s e v e r a l  h o u rs , 
t h i s  d r i f t  in  system  g a in  co u ld  p rove t o  be an im p o rta n t f a c t o r .
E xam ination  o f  a l l  th e  c a l i b r a t io n  runs r e v e a le d  t h a t  th e  a v e r­
age d e v ia t io n  from  th e  average  g a in  was 0.1%, w h ile  th e  s t a t i s t i c a l  un­
c e r t a i n t y  on M i n  each  ru n  was more th a n  0.2%. Thus th e  s t a t i s t i c a l  
u n c e r ta in ty  on M was assumed to  in c lu d e  any c o n tr ib u t io n s  to  th e  t o t a l  
u n c e r ta in ty  due t o  d r i f t s .
T hat d r i f t s  d id  n o t cause  s i g n i f i c a n t  f lu c tu a t io n s  in  th e  v a lu e
o f  R from  run  to  ru n  i s  d em o n stra ted  by th e  f a c t  t h a t  th e  l a r g e s t  d e v ia -
75t io n  from  th e  av erag e  R among th e  c a l i b r a t i o n  runs c o n ta in in g  th e  As 
spectrum  was 0.03%. The s t a t i s t i c a l  u n c e r ta in ty  was o f  th e  o rd e r  o f  0.1%. 
F o r th e  two ^ C u  ru n s  th e  d e v ia t io n  was 0.2% compared to  a  s t a t i s t i c s !  un­
c e r t a i n t y  o f  0 .5 %. Thus no c o r r e c t io n s  w ere made f o r  th e  e f f e c t s  o f  d r i f t  
on R.
D r i f t s  d u rin g  th e  d a ta  ru n s  b roadened  and d i s t o r t e d  t h e  p e a k s . 
The u n c e r ta in ty  in  t h e  f i t t e d  peak  p o s i t i o n  in c re a s e d  b ecause  o f  t h i s  
e f f e c t ;  d r i f t s  w ere , t h e r e f o r e ,  a  so u rce  o f  th e  in c re a s e d  u n c e r ta in ty  in  
M v a lu e s  c a lc u la te d  from d a ta  ru n s .
The peaks i n  some x - ra y  ru n s  c o n ta in e d  such  a  sm e ll number o f  
coun ts  t h a t  t h e  com puter f i t t i n g  program  w ould n o t converge t o  re a so n a b le
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p a ra m e te rs . O ther runs  were n o t p ro p e r ly  b ra c k e te d  by  c a l i b r a t io n  runs 
and th u s  co u ld  n o t be u sed . The r e s u l t s  from th e  rem ain in g  ru n s  w ere com­
b in e d  t o  g iv e  a  w e ig h ted  average  energy :
N E . 
Z U>1
i= l  (AE . )‘ 
E = - =  2i i i _
1
u   - g  S 4 —  , (10)
1=1 (SEU j i )2
where N i s  th e  t o t a l  number o f  ru n s . The average  u n c e r ta in ty  was found 
u s in g  th e  e x p re s s io n
(4 e /  = t <— ^ —  • (11>
i = l  (AE . )2 u , i
C o rre c tio n s  f o r  Compton e f f e c t  and f o r  n o n - l i n e a r i t y  were made
t o  th e  average  energy  v a lu e . The m easured energy  peak  was assumed to  be
composed o f  92% o r ig i n a l  x - ra y  energy  Eq and 8$ Compton s h i f t e d  energy
E 1, as  d isc u s s e d  in  S ec. IV .A .6 . Thus th e  m easured energy  app eared  low er
th a n  th e  t r u e  x - ra y  en erg y . The energy  dependent c o r r e c t io n s ,  E^^
to  t h e  m easured e n e rg ie s  a re  l i s t e d  i n  T ab le  V. A n e g a tiv e  u n c e r ta in ty
e q u a l to  Ec.omp^on and a  p o s i t i v e  u n c e r ta in ty  e q u a l 1 /2  EQ0mT)^ 0n were
a s s ig n e d  t o  th e s e  c o r r e c t io n s .  The Compton s h i f t  a p p lie s  on ly  to  th e
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e x o t ic  x - ra y  l i n e s  em anating from  th e  He t a r g e t .  The c a l ib r a t io n  x  ray s  
and y  ra y s  t r a v e le d  on ly  i n  a i r  b e fo re  e n te r in g  th e  d e te c to r  b e ry ll iu m  
window, so t h a t  t h e i r  Compton s c a t t e r in g  was n e g l ig ib l e .
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A c o r r e c t io n  f o r  i n t e g r a l  n o n - l i n e a r i t y ,  was n e c e s s a ry .
In  th e  ca se  o f  t h e  y-K l i n e  i n  w hich d i f f e r e n t  c a l i b r a t io n  l i n e s  werea
used  f o r  th e  two d i f f e r e n t  ru n s ,  th e  i n t e g r a l  n o n - l i n e a r i t y  c o r r e c t io n  to  
th e  energy  was made b e fo re  th e  w e ig h ted  average  was ta k e n . A l l  o f  th e  
o th e r  l i n e s  w ere c o r r e c te d  a f t e r  th e  a v e ra g in g . was d e te rm in ed  as
fo llo w s . P a i r s  o f  p u l s e r  peaks w ere u sed  t o  de te rm ine  th e  PHA g a in  f o r  
v a r io u s  c o n d it io n s ;  th e  two b e in g  u sed  a t  a  g iv en  tim e c o n s is te d  o f  th e  
p u l s e r  peaks c lo s e s t  t o  th e  two c a l i b r a t i o n  peaks f o r  th e  s p e c i f i c  x - ra y  
energy  d e te rm in a tio n  u n d e rta k e n . The PHA g a in  th u s  de te rm in ed  was used  
to  p r e d ic t  th e  p o s i t io n s  o f  th e  o th e r  p u l s e r  peaks in  th e  sp ec tru m . The 
d e v ia t io n  o f  th e  m easured p u l s e r  peak  p o s i t io n s  from  th e  p r e d ic te d  p o s i ­
t io n s  was th e n  p lo t t e d  f o r  th e  v a r io u s  v a lu e s  o f  th e  g a in . F ig u re  12
57shows such a  p l o t  i n  w hich th e  p u l s e r  peaks n e a r e s t  th e  Fe c a l i b r a t i o n  
peaks w ere u sed  t o  s p e c ify  th e  g a in . W ith th e  c a l i b r a t i o n  peak  p o s i t io n s  
f ix e d -o n  th e  g raphs i n  t h i s  way, th e  s h i f t  i n  x - ra y  energy  due t o  i n t e ­
g r a l  n o n - l i n e a r i t y  was re a d  from  th e  a p p ro p r ia te  g rap h . These s h i f t s  a re
g iv en  i n  T able  V. The u n c e r ta in ty  AET1lTT in  th e  s h i f t  was a s s ig n e d  t o  be
IJM Jj
tw ic e  t h a t  g iv en  by  th e  s t a t i s t i c a l  u n c e r ta in ty  on n ea rb y  p u l s e r  p e a k s .
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The i n t e g r a l  n o n - l i n e a r i t y  a t  th e  As Ka  and Cu peaks was 
a ls o  i n v e s t ig a te d  u s in g  c a l i b r a t io n  s o u rc e s ,  as  d e s c r ib e d  in  S e c s . I l l  and
IV.A. The n o n - l i n e a r i t y  a t  th e  ^ A s  and ^ C u  p o s i t io n s  w as, on th e  
a v e ra g e , g r e a t e r  th a n  in d ic a te d  by th e  p u l s e r  peak  r u n s ,  (F ig . 1 2 ) . The 
u n c e r ta in ty  A E ^^  i n  th e  n e g a tiv e  d i r e c t i o n  was expanded to  accoun t fo r  
t h i s  d isc re p a n c y .
D if fe re n c e s  i n  channel w id th s  in  th e  PHA w ould p roduce  a  d i f ­
f e r e n t i a l  n o n - l i n e a r i t y  and n e c e s s i t a t e  an a d d i t io n a l  c o r r e c t io n  t o  th e
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m easured  x - ra y  en e rg y . A c o r r e c t io n ,  was n o t d e te rm in ed , b u t an un­
c e r t a i n t y ,  A E j^ ,  was a p p lie d  to  account f o r  th e  p o s s ib le  e x is te n c e  o f  
d i f f e r e n t i a l  n o n - l i n e a r i t y .  The SCIPP (PHA) m anual s p e c i f ie s  t h a t  th e  
d i f f e r e n t i a l  n o n - l i n e a r i t y  e r r o r  i s  l e s s  th a n  2%. H a r r i s **1 and S h u le r ‘S  
m easured  ap p ro x im ate ly  1% n o n - l i n e a r i t y  i n  channel w id th  f o r  th e  same 
a n a ly z e r  t h a t  was u sed  i n  t h i s  ex p e rim e n t, so t h a t  th e  d i f f e r e n t i a l  non- 
l i n e a r i t y  u n c e r ta in ty  was ta k e n  to  be  1%. In  th e  c o n s e rv a tiv e  case  in  
w hich a l l  chan n els  a re  s im i la r ly  a f f e c te d  by th e  maximum amount th e  d i f ­
f e r e n t i a l  n o n - l i n e a r i t y  c o n tr ib u te s  to  th e  energy  u n c e r ta in ty  as  fo llo w s :
“ ran * 4(Mxoh + V
-  ^  (MXch> ■ ° - 01 “ oh •
where Xch = x^  -  x^ i s  th e  number o f  chan n els  betw een th e  x - ra y  peak  and 
th e  ( n e a r e s t )  c a l i b r a t io n  p e a k , and M i s ,  as b e f o r e ,  th e  g a in  o f  th e  
sy stem . The d i f f e r e n t i a l  n o n - l i n e a r i t y  u n c e r ta in ty  fo r  t h e  v a r io u s  x -  
r a y  peaks and a s s o c ia te d  c a l i b r a t i o n  peaks a re  g iv en  in  T ab le  V.
The f in e d  v a lu e  f o r  th e  x - ra y  energy  was found by  add ing  th e  
Compton and i n t e g r a l  n o n - l i n e a r i t y  c o r r e c t io n s  to  th e  w e ig h ted  average  
E^. A ll  o f  th e  u n c e r t a i n t i e s  w ere added in  q u a d ra tu re  t o  g iv e  th e  
f in e d  AE^. As can be seen  in  T ab le  V, no s p e c i f i c  u n c e r ta in ty  among th e  
c o n t r ib u t in g  u n c e r t a in t i e s  dom inated f o r  a l l  x - ra y  l i n e s .  The s t a t i s t i ­
c a l  u n c e r ta in ty  was l a r g e r  where t h e  number o f  ru n s  combined to  o b ta in
th e  average  was sm edl: th e  yK. , , yK_, and irK x r a y s .  T here was no s in -oi p y
g le  dom inant u n c e r ta in ty  f o r  e i t h e r  th e  ttK^ o r  TrtCg en e rg y .
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2 . Energy R e s u lts  
3
T ab le  VI l i s t s  th e  He muonic and p io n ic  x - ra y  e n e rg ie s  ob­
ta in e d  from t h i s  ex p e rim e n t. We s h a l l  d is c u s s  th e  d e t a i l s  co n cern in g  
th e  number o f  p io n  and muon ru n s  and f i t t i n g  problem s s e p a r a te ly  f o r  
each  x - ra y  l i n e  b e g in n in g  w ith  th e  yK .
Only th e  two muonic ru n s  w ere u sed  to  de te rm ine  th e  muonic 
e n e rg y . The sm a ll number o f  coun ts  under th e  muonic peaks in  th e  p io n ic  
s p e c t r a  p re v e n te d  th e  f i t t i n g  o f  th e s e  l i n e s .  The av erag e  o f  th e  yK^ 
r e s u l t s  from  th e  two runs i s  8 .157 +o*o^3 ke^*
Because o f  sm all numbers o f  coun ts  i n  a l l  o th e r  s p e c t r a ,  o n ly  
one run.'was u sed  to  de te rm ine  th e  muonic e n e rg y . The energy  d e te rm in ed  
from  t h i s  ru n  i s  9 .678  *0*057 ke^> w here th e  m ajo r u n c e r ta in ty  i s  s t a t i s ­
t i c a l .
Seven p io n ic  ru n s  w ere averag ed  to  o b ta in  th e  p io n ic  en e rg y .
57The Fe spectrum  was n o t c o l l e c te d  i n  two o f  t h e s e ,  A1 and A2. An 
e ig h th  p io n ic  x - ra y  ru n  was n o t u sed  in  th e  a v e ra g e , b ecau se  th e  c a l i b r a ­
t i o n  nan fo llo w in g  i t  e x h ib i te d  anomalous n o n - l i n e a r i t y  in  th e  peak
p o s i t i o n s .  The in d iv id u a l  and w e ig h ted  average  energy  v a lu e s  a re  shown
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in  F ig . 13 and l i s t e d  in  T ab le  V II . The He irKa  energy  o b ta in e d  from  th e  
average  o f  t h e  seven  ru n s  i s  1 0 . 695+q*q29 ke^*
The p io n ic  K0 energy  was found u s in g  th e  same ru n s  a s  w ere used  
p
in  d e te rm in in g  th e  p io n ic  e n e rg y . Three G aussian  f i t s  w ere u sed  where
57p o s s ib le  f o r  th e  p io n ic  Kg and and th e  Fe y r a y .  The Kg en erg y  i s
. o 'tO. 026 ,
! 2 . 673.-0 038 keV‘
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57The two p io n ic  ru n s ,  A1 and A2, n o t c o n ta in in g  th e  Fe spec­
trum  were u sed  t o  de te rm ine  th e  tt-K^ en e rg y . The tt-K^ and ir-K^ w ere f i t  
to  two G au ss ian s . The tt-K peak  c o n ta in e d  h ig h e r  o rd e r  peaks w hich w ere 
n o t re s o lv e d  from  i t  due to  t h e i r  p ro x im ity  and much low er i n t e n s i t i e s .
The v a lu e  o b ta in e d  f o r  th e  ^He tt-K^ energy  i s  13 .519+Q*Qgp keV.
C. W idths
1 . D isc u ss io n
As p re v io u s ly  d is c u s s e d , th e  shape o f  any x - ra y  l i n e  i n  th e  sp ec ­
trum  from  th e  p u ls e  h e ig h t  a n a ly z e r  i s  a  com bination  o f  a  G aussian  fu n c t io n  
a r i s in g  from  n o is e  in  t h e  d e te c to r  and subsequen t e le a t r o n ic s  and a  L o re n t­
z ia n  fu n c t io n  due t o  th e  f i n i t e  l i f e t i m e s  o f  th e  i n i t i a l  and f i n a l  s t a t e s  
o f  th e  t r a n s i t i o n .  The w id th  o f  th e  G aussian  component i s  c a l l e d  th e  in ­
s tru m e n ta l  w id th . The w id th  o f  th e  L o re n tz ia n  component i s  r e f e r r e d  t o  as 
th e  " n a tu r a l  b ro a d e n in g " , and i t  i s  th e  n a tu r a l  b ro ad e n in g  due to  n u c le a r  
a b s o rp t io n  o f  p io n s  w hich i s  th e  p h y s ic a l ly  i n t e r e s t i n g  q u a n t i ty .  B roaden­
in g  o f  th e  p io n ic  l i n e s  due t o  o th e r  e f f e c t s ,  e . g . ,  r a d i a t i v e  and Auger 
t r a n s i t i o n s ,  i s  i n s i g n i f i c a n t  compared to  t h a t  due to  a b s o rp t io n . Muons, 
on th e  o th e r  hand , i n t e r a c t  o n ly  w eakly w ith  th e  n u c le u s , so t h a t  l i t t l e  
a b s o rp t io n  b ro ad e n in g  i s  e x p e c te d ; n a tu r a l  l i n e  b ro ad en in g  due t o  o th e r  
e f f e c t s  i s  a ls o  s m a ll. To f in d  th e  n a tu r a l  b ro ad en in g  o f  th e  e x o tic  
x  r a y s ,  th e  peak  w id th s  m ust be compared to  th e  in s t ru m e n ta l  w id th .
The t o t a l  w id th  o f  each  e x o tic  x - ra y  l i n e  and c a l i b r a t io n  l i n e  
was found from th e  e x p re s s io n
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where r g i s  th e  t o t a l  w id th  a t  h a l f  am p litu d e  in  energy  u n i t s  and T ^  i s  
in  PHA channel u n i t s .  The u n c e r ta in ty  Arg on th e  m easured  w id th  was g iven
■by
U r /  .  m2 Uro/  ♦ r /  (M)2 ,
where M i s  th e  g a in  o f  th e  system  d e te rm in ed  as i n  Sec . A, and AM i s  
g iv en  in  Eq. ( 7 ) .
a . In s tru m e n ta l  W idth
S in ce  th e  muonic peaks have i n s i g n i f i c a n t  n a tu r a l  b ro a d e n in g ,
th e y  c o u ld  b e  u sed  as a  m easure o f  th e  in s tru m e n ta l  w id th  under ru n n in g
c o n d it io n s .  However, th e  muon peaks i n  th e  p io n  runs ( s e e ,  f o r  exam ple,
57F ig . 9 a .)  had few coun ts  in  them and w ere d i f f i c u l t  to  f i t .  The Fe
c a l i b r a t io n  l i n e s  a ls o  have n e g l ig ib le  n a tu r a l  b ro ad en in g  compared t o  th e
p io n ic  x  ra y s  and , u n l ik e  th e  muonic p e a k s , t h e i r  a n a ly s is  was n o t l im i te d
57by s t a t i s t i c s .  The Fe K and Ka peaks a re  ap p ro x im ate ly  650 eV a p a r t ;
ot p
t h i s  caused  no problem  in  th e  w id th  m easurem ent s in c e  th e  two peaks 
a re  r e s o lv a b le  by th e  f i t t i n g  program .
Thus th e  c a l i b r a t i o n  peaks w ere used  to  d e te rm in e  th e  i n s t r u ­
m en ta l w id th . B ecause th e  in - r u n  c a l i b r a t io n  peaks were exposed  to  th e  
same e le c t r o n ic  c o n d it io n s  a s  th e  x - ra y  peak  o f  i n t e r e s t  in  th e  same ru n , 
any e r r o r s  i n  th e  w id th  o f  t h e  x - ra y  peak  due t o  s y s te m a tic  p ro b lem s, 
s p e c i f i c a l l y  d r i f t i n g ,  were a u to m a tic a l ly  ta k e n  i n to  account by u s in g  
c a l i b r a t i o n  and e x o t ic  x - ra y  peaks from  th e  same ru n .
The in s tru m e n ta l  w id th  v a r ie s  w ith  e n e rg y , so t h a t  t h e  w id th
3
m easured  a t  a  g iv en  He x - ra y  peak  sh o u ld  n o t be th e  same as t h a t  a t  th e
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57 Fe c a l i b r a t i o n  peak  p o s i t i o n s .  However, exam ination  o f  th e  c a l i b r a ­
t i o n  ru n s  r e v e a le d  no g e n e ra l  t r e n d  i n  th e  w id th s  betw een 6 .k  keV and 
lU .h  keV; in  f a c t ,  th e  change w ith  energy  o f  th e  in s t ru m e n ta l  w id th  was
f a i r l y  i n s i g n i f i c a n t  on th e  w hole. N e v e r th e le s s , th e  in s tru m e n ta l  w id th  
57a t  th e  'Fe K p o s i t io n  in  each  e x o tic  x - ra y  ru n  was a d ju s te d  as fo llo w s
(X
to  p r e d ic t  th e  c o rre sp o n d in g  e x p e c te d  w id th  a t  th e  p o s i t io n  o f  a  g iv en  
e x o t ic  x  ray  on th e  b a s is  o f  th e  b ro ad en in g  p a t t e r n  n o te d  in  th e  c a l i ­
b r a t io n s  f o r  t h a t  ru n . For th e  irK w id th  a n a ly s is  th e  in s tru m e n ta l  w id tha
a t  th e  ttK^ p o s i t io n  was found by f i r s t  n o t in g  th e  p e rc e n t  change i n  w id th  
75between th e  As K , which has alm ost the same energy as the ttK , and th e  a  a
57Fe K x  ra y s  i n  th e  b ra c k e t in g  c a l ib r a t io n  ru n s .  Then th e  w id th  o f  th eOt
57Fe in  th e  e x o t ic  x - ra y  ru n  was a d ju s te d  by th e  same p e rc e n ta g e .
Because o f  th e  sm a ll change i n  in s tru m e n ta l  w id th  w ith  energy  in  th e  6.h
57keV to  lU .h  keV ra n g e , u se  o f  th e  w id th  o f  th e  Fe IT peak from  th e
Ct
same run as th e  irK gave th e  same n atu ra l w idth for  th e  ttK as d id  use o f  ot ot
75 75th e  a d ju s te d  As K w id th s . The As K a d ju s te d  w id th  was u sed  as th e  
Ot ot
in s tru m e n ta l  w id th  a t  th e  irK0 and th e  yK p o s i t i o n s .
p  Ot
b . M easuring U n c e r ta in t ie s
The u n c e r ta in ty  i n  th e  w id th  m easurem ent due to  i n t e g r a l
n o n - l i n e a r i t y  was c a lc u la te d  from th e  fo rm ula
AT— . =  A M r = M ^ r .  ,INL ch M ch
where T , i s  assumed f ix e d ,  and AM i s  th e  d i f f e r e n c e  betw een two v a lu e s  ch
o f  M found u s in g  any two p a i r s  o f  B ig g e r s ta f f  p u l s e r  p e a k s . The maximum
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AM/M was 1%, a lth o u g h  th e  average  was much l e s s .  I n s e r t i n g  th e  co n se rv a ­
t i v e  1% v a lu e  f o r  AM/M g iv e s  A r ^ ^  ~ 7 eV f o r  a  t y p i c a l  15 channel w id th  
and a  g a in  o f  ^5 eV /ch an n e l.
Ul
As m entioned  in  Sec. IV .B ., H a r r is  found th e  d i f f e r e n t i a l  un ­
c e r t a i n t y  in  g a in  to  he 1%. Assuming th e  h ig h ly  u n l ik e ly  ca se  t h a t  th e  
w id th  o f  ev e ry  channel i n  th e  peak  i s  e i t h e r  expanded o r  c o n tra c te d  hy 
1%, th e  u n c e r ta in ty  from t h i s  so u rc e  i s  = (0 .0 l)M  T ^  7 eV, t y p i ­
c a l ly .
The e f f e c t  o f  Compton s c a t t e r in g  on th e  m easured x - ra y  w id th  was 
sm a ll. Under th e  ex trem e c o n d it io n  i n  which th e  x ra y s  a re  ev en ly  d i s ­
t r i b u t e d  i n  th e  i n t e r v a l  betw een th e  peak  c e n te r  and th e  ex trem e s h i f t e d  
energy  v a lu e ,  th e  m easured w id th  would b e  1% l a r g e r  th a n  th e  t r u e  w id th . 
S ince  t h e  Compton s c a t t e r e d  x ra y s  a re  i n  r e a l i t y  f u r t h e r  m o d ified  by 
in s tru m e n ta l  b ro ad e n in g , a  more p ro b a b le  d i s t r i b u t i o n  o f  th e  Compton 
s c a t t e r e d  x ra y s  would be b ro a d e r  th a n  t h a t  d e s c r ib e d  above. The b roadened  
d i s t r i b u t io n  was e s t im a te d  to  have no e f f e c t  on th e  w id th  m easurem ent; a  
1% u n c e r ta in ty  was a s s ig n e d  t o  t h i s  n u l l  e s t im a te .
h2Wetmore in v e s t ig a te d  th e  e f f e c t  o f  u s in g  an ana log  fu n c t io n , 
a  G au ss ian , to  d e s c r ib e  t h e  d i g i t a l  in fo rm a tio n  from  th e  PHA. For 15 
ch an n els  FWHM th e r e  i s  l e s s  th a n  1 eV e f f e c t  on th e  w id th ; c o n se q u e n tly , 
i t  was n e g le c te d  in  t h i s  work.
The a p p lic a b le  u n c e r t a in t ie s  m en tioned  above were added in  
q u a d ra tu re  t o  th e  s t a t i s t i c a l  u n c e r ta in ty  to  o b ta in  th e  u n c e r ta in ty  on
3
th e  t o t a l  w id th  o f  e i t h e r  th e  He x - ra y  l i n e ,  A I^, o r  th e  in - r u n  c a l i b r a ­
t i o n  l i n e ,  Arr
6o
c . N a tu ra l  B roadening
The n a tu r a l  B ro ad en in g , r a^., o f  th e  x - ra y  peak  was found by 
com paring th e  t o t a l  m easured w id th  to  th e  in s tru m e n ta l  w id th . The con­
v o lu t io n  o f  a  G aussian  and a  L o re n tz ia n , c a l l e d  a  Voigt, p r o f i l e ,  m ust be
1*3
in te g r a te d  n u m e r ic a lly . D avies and Vaughan have done t h i s  and p u b lis h e d
ta b l e s  in  which th e  "L o re n tz ia n  f r a c t io n "  L = Tt  , /T„  . , i s  g iv enL o ren tz  V oig t
f o r  d i f f e r e n t  v a lu e s  o f  th e  "G aussian  f r a c t io n "  G = r „  • •G aussian  V oig t
These t a b l e s  were u sed  w ith  th e  fo llo w in g  i d e n t i t i e s :  ^Qa u ss i an  = >
r,r . . = r , and rT . = r . .V oigt e L o ren tz  n a t
3
The observed  n a tu r a l  b ro ad en in g  o f  th e  He p io n ic  and muonic
x ra y s  was so s l i g h t  t h a t  i n  some rim s th e  in s t ru m e n ta l  w id th  de te rm ined  
57from an Fe peak a c tu a l ly  appeared  to  be w id er th a n  th e  t o t a l  w id th  o f  
■a
th e  He x r a y .  When t h i s  happened th e  r o le s  o f  Fg and were re v e rs e d  
and th e  r e s u l t i n g  n a tu r a l  b ro ad e n in g  was la b e le d  n e g a tiv e .
The u n c e r ta in ty  on r ^ was c a lc u la te d  u s in g  an app ro x im atio n
kkby A lle n  in  which
r e  -  [ r L / 1’ *  t 1 - 0 0 * 58’ r ? ] V 2  + W 2
o r ,
r , : r  - r^/r ,n a t  e I  e
which a g re e s  w i th in  6% w ith  th e  v a lu e s  o b ta in e d  u s in g  t a b l e s  i n  R ef. 1+3. 
We th e n  o b ta in
(Arn a t )2 = (1 + r i / r e )2 (Are )2 + U(Ari )2 Ti /T t  *
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The in d iv id u a l  ru n  r e s u l t s  were w e ig h te d  by- th e  sq u a re  o f 
t h e i r  in v e r s e  u n c e r t a in t i e s  and averag ed  to  de te rm ine  th e  f i n a l  number 
f o r  th e  n a tu r a l  b ro a d e n in g . The u n c e r ta in ty  was g iv en  by
<4r n a t )2 -  ^  ( i T T t )  2i  \  n a t , i /
2 . W idth R e su lts
The UK w id th  o f  0 .1 0  +_ 0 .26  keV i s  th e  r e s u l t  o f  one nan o n ly ;U
th e  yK_ w id th  co u ld  n o t be de te rm ined  r e l i a b l y  b e cau se  o f  low  s t a t i s t i c s .  
P
In  th e  d e te rm in a tio n  o f  p io n ic  w id th s  th e  two p u re ly  ^He x -ra y
57r u n s ,  A1 and A2 ,  co u ld  n o t  be u sed  b ecau se  th e  p re se n c e  o f  th e  Fe sp ec ­
trum  was r e q u ir e d  f o r  w id th  a n a ly s i s . D ata  from c a l ib r a t io n  runs i n d i ­
c a te d  t h a t  th e  r e s o lu t io n  im proved f o r  a  w h ile  d u r in g  th e  co u rse  o f  th e  
experim ent and th e n  rem ained  c o n s ta n t .  I t  was d e c id e d  to  r e j e c t  th e  r e ­
s u l t s  o f  th o se  ex p erim en ts  d u r in g  w hich th e  r e s o lu t io n  was chang ing .
T his l e f t  th r e e  p io n ic  ru n s ,  B3, B^, and B5, and one muonic roan, C l, from
w hich to  f in d  th e  ttK and uK„ w id th s .
ot 6
57F i t s  to  th r e e  G aussians w ere u sed  f o r  th e  vK0 , uK , and Fep Y
Y ra y  when p o s s ib le ,  s in c e  th e s e  gave a  b e t t e r  f i t  t o  th e  uK^ p eak . The
^He irK and uK. w id th s  a re  0 .1 1  + 0 .1 2  and 0 .0 8  + 0 .0 8  k e V ,re s p e c t iv e ly ,  
o t  p  -
•a
The He l in e w id th s  a r e  l i s t e d  i n  T ab le  V I, where th e  n e g a tiv e  
u n c e r t a in t ie s  have been  c o n tr a c te d  i n  o rd e r  to  ex c lu d e  th e  p o s s i b i l i t y  
o f  n e g a tiv e  n a tu r a l  b ro ad e n in g .
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D. R e la tiv e  Y ie ld s
1 . D isc u ss io n
The a b s o lu te  r a d i a t i v e  y i e l d  o r i n te n s i t y  o f  a  g iven  t r a n s i t i o n  
i s  d e f in e d  as th e  number o f  x  ra y s  p roduced  i n  th e  t r a n s i t i o n  p e r  s topped  
meson in  th e  t a r g e t .  The y i e l d  Y may be found e x p e r im e n ta lly  from:
A = YK F(E) = YN r (E) f  e x p ( - S a . r . )  fl (R ,0 ) dxA ir , (12)s s j x i
where A i s  th e  a re a  u nder th e  peak  i n  t h e  spectrum ; N i s  th e  number o fs
meson s to p s  i n  th e  t a r g e t ;  r|(E ) i s  th e  energy  dependent i n t r i n s i c  d e te c ­
t o r  e f f i c i e n c y ;  e x p ( - a ^ r^ ) g iv e s  th e  t ra n s m is s io n  p r o b a b i l i t y  th ro u g h  
d is ta n c e  r^  in  th e  su b s ta n c e  d e s c r ib e d  by  th e  a b s o rp t io n  c o e f f i c i e n t  0^ ;
R ,0 ) i s  th e  s o l id  an g le  sub tended  by th e  d e te c to r  a t  th e  p o in t  (R,0,<J>) 
i n  th e  t a r g e t  volum e; and th e  i n t e g r a l  i s  o v e r  th e  t a r g e t  volum e. The 
t r a n s i t i o n  p r o b a b i l i t i e s  th ro u g h  th e  d e te c to r  housing  and s i l i c o n  dead 
la y e r  a re  in c lu d e d  among th e  te rm s e x p ( - a ^ \ ) .  The d e te c to r  e f f i c i e n c y  i s  '
- a  . d
n(E ) = l  - e  S l ,
where d i s  th e  d e te c to r  th ic k n e s s  (3mm). For a l l  e n e rg ie s  in v e s t ig a te d  
in  t h i s  experim en t p (E ) = 1 .
The r e l a t i v e  y i e l d  betw een  two t r a n s i t i o n  l i n e s  i s  s im ply  th e  
r a t i o  o f  th e  a b s o lu te  y ie ld s  f o r  th e  two t r a n s i t i o n s .  In  ta k in g  th e  
r e l a t i v e  y i e l d  th e  f a c to r s  common t o  b o th  a b s o lu te  y ie ld s  in  th e  r a t i o  
e f f e c t i v e l y  c a n c e l .  S p e c i f i c a l ly ,  th e  number o f  mesons s to p s  i s  th e  
same f o r  b o th  x - ra y  l i n e s ;  s in c e  t h i s  number i s  d i f f i c u l t  to  o b ta in  f o r
3
c e r t a i n  t a r g e t  c o n f ig u r a t io n s ,  f o r  exam ple, th e  He t a r g e t ,  th e  r e l a t i v e
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y ie ld s  a re  more e a s i l y  found th a n  th e  a b s o lu te  y i e l d s . I f  th e  t r a n s i ­
t io n s  have ap p ro x im ate ly  th e  same e n e rg y , some o f  th e  t ra n s m is s io n  fa c ­
t o r s  may a ls o  c a n c e l in  th e  r e l a t i v e  y i e l d .  The i n t e n s i t y  o f  l i n e  #1 
r e l a t i v e  to  l i n e  #2 may b e  e x p re sse d  i n  th e  above te rm s a s :  =
a1f (e2 ) / a2f (e1 ) .
The a re a  A o f  th e  s p e c t r a l  peak  was found from th e  fo rm u la  f o r  
th e  a re a  under a  G aussian
A = (1 .06*0 a Q r  ,
where a.^ i s  th e  f i t t e d  a m p litu d e , and T , th e  f u l l  w id th  a t  h a l f  maximum 
o f  th e  peak . The u n c e r ta in ty  was found assum ing a^ and T to  be  indepen ­
d e n t.  A second m ethod f o r  f in d in g  th e  a re a  c o n s is te d  o f  add ing  th e  co u n ts  
i n  th e  channel i n t e r v a l  c o n ta in in g  th e  peak  and s u b tr a c t in g  th e  f i t t e d  
background i n  t h i s  r e g io n . For t h i s  m ethod th e  u n c e r ta in ty  was in  th e  
background o n ly : AA = nAy^, where y^ i s  th e  in te r c e p t  o f  th e  s t r a i g h t
l i n e  background ta k e n  a t  th e  peak  c e n te r ,  and n i s  th e  number o f  PHA 
ch an n e ls  spanned by  th e  f i t .
Compton s c a t t e r in g  was assumed to  have no e f f e c t  on th e  r e l a ­
t i v e  y i e l d  v a lu e s ,  s in c e ,  a lth o u g h  th e  Compton e f f e c t  i s  en e rg y  d ep en d en t, 
th e  e n e rg ie s  o f  th e  x - ra y  l i n e s  a re  so c lo s e  t h a t  th e  Compton s c a t t e r in g  
a f f e c t s  th e  a r e a  under each  peak by th e  same f a c t o r .  T h is  f a c to r  c a n c e ls  
in  th e  ta k in g  o f  r a t i o s  f o r  th e  r e l a t i v e  y i e l d s .
Any n o n - l i n e a r i t y  o r  d r i f t ,  w h ile  n o t a f f e c t i n g  th e  t o t a l  a r e a ,  
would have been  r e f l e c t e d  i n  t h e  shape o f  th e  p e a k s; th e s e  e f f e c t s  were 
abso rb ed  in to  th e  u n c e r ta in ty  in  th e  f i t s  t o  th e  p e a k s .
6k
The energy  dependent f a c t o r  F(E) c o n ta in s  a l l  t h e  in fo rm a tio n
r e l a t e d  to  th e  t a r g e t  sh ap e . The i n t e g r a l  o v e r  th e  t a r g e t  volume was 
perfo rm ed  "by f i r s t  d iv id in g  th e  p a r t  o f  th e  t a r g e t  upon which th e  beam 
im pinged in to  sm all a n n u la r  s e c t io n s  as  shown in  F ig . lU . The d is ta n c e  R 
and s o l i d  an g le  £2 w ere de te rm ined  f o r  each  an n u lu s . The in c re m e n ta l
f o r  each  annu lus was th e n  c a lc u la te d ,  and th e  r e s u l t s  from  a l l  s e c t io n s
were added t o  o b ta in  th e  f i n a l  F (E ) . The energy  dependence o f  F(E) l i e s
in  th e  f a c t  t h a t  th e  a t te n u a t io n  f a c to r s  depend on th e  energy  o f  th e
x  ra y  t r a v e r s in g  th e  m a te r i a l .  The mass a b s o rp tio n  c o e f f i c i e n t s  y^ =
a . / p . ,  d e n s i t i e s  p . ,  and t h e i r  a s s o c ia te d  u n c e r t a in t ie s  a re  l i s t e d  in  i  1 ' i ’
T ab le  V I I I .  The u n c e r ta in ty  in  F(E) was found by i n s e r t i n g  th e  e x p re s ­
s io n  f o r  F(E) i n to  th e  g e n e ra l  e q u a tio n  f o r  th e  u n c e r ta in ty  o f  a  fu n c tio n  
o f  s e v e r a l  independen t v a r i a b le s :
c o n tr ib u te  t o  t h e  m easured  d e te c to r  e f f i c i e n c y  s in c e  th e r e  have been  disr-
ag reem en ts in  some o f  th e s e  f a c to r s  r e p o r te d  by o th e r  e x p e rim e n te rs .
S p e c if ic a t io n s  from  th e  m an u fa c tu re r  r e p o r te d  th e  p re se n c e  o f  a  1 m icron
dead l a y e r  on th e  S i (L i)  d e te c to r ,  w h ile  r e c e n t  m easurem ents o f  th e  r a t i o s
o f  e f f i c i e n c i e s  a t  6.U keV and l t .U  keV in d ic a te  a  dead la y e r  o f  a p p ro x i-  
k5m ate ly  22 m ic ro n s. The d i f f e r e n c e  co u ld  be a t t r i b u t e d  to  th e ' d r i f t i n g  
o f  l i th iu m  im p u r i t ie s  which o ccu rs  when th e  d e te c to r  i s  a llo w ed  to  rem ain
F(E) = ( lA ir )n  e x p (-E a i r i )
i
[A f(x±1x 2
I t  was im p o rta n t to  examine c a r e f u l ly  th e  f a c to r s  i n  F(E) which
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w ith o u t a p p lie d  v o lta g e  o r  s to r e d  a t  room te m p e ra tu re  f o r  a  lo n g  p e r io d  
o f  t im e .
In  t h i s  experim en t we d e te rm in ed  a  15 +. 11 m icron dead l a y e r  
as fo llo w s . The d e te c to r  e f f ic ie n c y  n (E ) was checked e x p e r im e n ta lly  by
k6com paring our m easured r a t i o  t o  th e  p u b lis h e d  r a t i o  o f  th e  i n t e n s i t y
57o f  6 .k  keV x ra y s  t o  1 ^ .^  keV n u c le a r  y ra y s  from an Fe so u rc e . C o rrec ­
t io n s  to  th e  m easured r a t i o  were made fo r  a b s o rp t io n  o f  th e  pho tons by 
th e  v a r io u s  m a te r ia ls  betw een th e  so u rce  and th e  s i l i c o n  c r y s t a l .  S ince  
e v e ry th in g  in v o lv e d  in  th e  m easurem ent was w e ll  known ex c ep t th e  dead 
l a y e r  th ic k n e s s ,  th e  u n c e r ta in ty  in  t h i s  th ic k n e s s  was th e  m easure o f  how 
w e ll  th e  e f f i c i e n c y  was known. Some a d d i t io n a l  u n c e r ta in ty  was i n t r o ­
duced due t o  th e  f a c t  t h a t  th e  n a tu re  and th ic k n e s s  o f  th e  c o v e rin g  o f  th e  
Cu and As so u rc e s  som etim es u sed  i n  com bina tion  w ith  th e  Fe so u rce  
was n o t w e ll known.
T here was agreem ent re g a rd in g  th e  S i (L i)  c r y s t a l  dead la y e r  
th ic k n e s s  among th e  c a l i b r a t io n  .runs ta k e n  w ith  th e  beam o n , b u t th e  
average  dead l a y e r  found was s l i g h t l y  th in n e r  th a n  t h a t  found u s in g  th e  
x - ra y  ru n  c a l i b r a t i o n  p e a k s , though  w ith in  th e  u n c e r t a i n t i e s .  These
cou ld  b e  b ro u g h t i n to  agreem ent by assum ing th e  so u rc e  co v e rin g  f o r  th e
57c a l i b r a t io n  ru n s  t o  be t h i c k e r  th a n  we had  o r ig i n a l l y  th o u g h t. The Fe
so u rce  was covered  by th e  As o r  Cu so u rce  in  th e  c a l i b r a t io n  r u n s ,
b u t n o t in  th e  x - ra y  r u n s ,  so t h i s  u n c e r ta in ty  had  no e f f e c t  on ou r
m easurem ent o f  e x o t ic  x - ra y  y i e l d s .
Even though  a  re a so n a b le  r e - e s t im a te  o f  th e  so u rce  c o v e rin g
th ic k n e s s  e l im in a te d  th e  d isc re p a n c y  in  t h e  6.U keV to  lU.U keV peak  i n -
57t e n s i t y  r a t i o  betw een th e  x - ra y  ru n  and th e  c a l i b r a t i o n  ru n  Fe p e a k s ,
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o th e r  p o s s ib le  cau ses  o f  t h e  d isc re p a n c y  were i n v e s t ig a te d .  The d i f ­
f e re n c e  m ight have been due t o  energy  dependent dead t im e s ,  b u t  count 
r a t e s  were many o rd e r s  o f  m agnitude below  r a t e s  which m igh t b e g in  to  
o v e rlo a d  th e  e l e c t r o n i c s .  A nother p o s s i b i l i t y  was t h a t  i r o n  x  ra y s  caused  
by e x c i t a t i o n  o f  t h e  s t a i n l e s s  s t e e l  ('v J0% Fe) w a lls  o f  th e  t a r g e t  cou ld  
in c r e a s e  th e  m easured x ra y  to  y  ra y  i n t e n s i t y  r a t i o  in  th e  beam-on c a l i ­
b r a t io n  ru n s ,  b u t  th e s e  x  ra y s  sh o u ld  have l e s s  e f f e c t  in  th e  d a ta  runs  
becau se  o f  th e  req u irem en t f o r  a  s to p p in g  meson and th e  d is c r im in a t io n  
a g a in s t  e le c t r o n s .  The f a c t  t h a t  no in c re a s e  was n o te d  a f t e r  a p p ro p r ia te  
c o r r e c t io n s  were made f o r  th e  d i f f e r e n t  d e te c to r  p o s i t io n s  in  th e  two 
ty p e s  o f  ru n s  in d ic a te d  t h a t  th e  t a r g e t  s t e e l  d id  n o t p roduce  a  s i g n i f i ­
c a n t number o f  d e te c ta b le  i ro n  x r a y s .  There a re  s e v e r a l  re a so n s  f o r  t h i s :  
th e  beam c o ll im a tio n  p re v e n te d  charged  p a r t i c l e s  from  h i t t i n g  th e  ends 
o f  th e  t a r g e t  c y l in d e r ;  th e  o th e r  w a lls  w ere covered  w ith  an aluminum 
l i n e r  (25% t ra n s m is s io n  o f  6 .h  keV p h o to n s) covered  w ith  p a in t  w hich r e ­
duced th e  t ra n s m is s io n  even m ore; and th e  s o l id  a n g le  o f  th e  d e te c to r  
w ith  th e  c y l i n d r i c a l  w a lls  was low .
The u n c e r t a in t ie s  in  t h e  r e l a t i v e  y i e l d  v a lu e s  f o r  th e  i n d iv i ­
d u a l rim s w ere found by a p p ly in g  Eq. (13) to  Y = A /F (E ). The u l t im a te  
y i e l d  v a lu e  was found  as f o r  th e  c o rre sp o n d in g  energy  and w id th s  by ta k in g  
th e  w e ig h ted  a v e rag e  o f  th e  r e s u l t s  from  in d iv id u a l  ru n s .
2 . R e la tiv e  Y ie ld  R e s u lts
The v a lu e s  f o r  F(E) and th e  a re a  A w ere u se d  t o  de te rm ine  th e  
y i e l d  r a t i o s  f o r  each  ru n . R e s u lts  f o r  w hich th e  £0*68 was ta k e n  t o  be
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th e  d i r e c t  sum o f  th e  co u n ts  i n  th e  peak were compared w ith  th o se  fo r  
which th e  a r e a  was d e te rm in ed  from th e  com puter f i t t e d  G aussian  param ­
e t e r s .  The o v e r la p  was good, so an av erag e  was chosen to  r e p r e s e n t  each 
ru n . The w e ig h ted  av e rag es  o f  th e s e  s e le c te d  r e s u l t s  a re  g iven  in  
T ab le  IX. The number o f  runs in c lu d e d  i n  each  average  i s  a ls o  l i s t e d .
V. CASCADE CALCULATION
A. In tr o d u c tio n
3
R e la tiv e  y i e ld  d a ta  f o r  He and b o th  a b s o lu te  and r e l a t i v e  y i e ld
1+ k k2d a ta  f o r  He a re  now a v a i l a b l e .  A lthough th e  He m easurem ents were n o t
3
made by  t h i s  a u th o r ,  th e  r e s u l t s  w ere h e lp f u l  in  a n a ly z in g  th e  He y i e ld s .
3 It-The He and He y ie ld s  a re  g iv en  in  T ab les IX and X, r e s p e c t iv e ly .  These
y ie ld s  were rep ro d u ced  by  atom ic cascade  c a lc u la t io n s  from  w hich th e  2p -
s t a t e  s tro n g  i n t e r a c t io n  w id th s  i n  b o th  h e lium  is o to p e s  were e x tr a c te d .
The d e te rm in a tio n  o f  th e  s tro n g  in t e r a c t io n  w id th  o f  any p io n ic  s t a t e  adds
t o  th e  knowledge abou t th e  a b s o rp t io n  p ro c e s s  o f  p io n s  by  th e  n u c le u s , and
in  tu r n  c o n tr ib u te s  t o  b a s ic  knowledge o f  p io n -n u c le o n  i n te r a c t io n s .  The
21E r ic s o n s ' m u lt ip le  s c a t t e r in g  th e o ry  d e s c r ib e d  in  S ec . I I  s t a t e s  t h a t
l s - s t a t e  w id th s  a r i s e  from  a  p u re ly  l o c a l  i n t e r a c t i o n  o f  th e  p io n  w ith
th e  n u c le u s , w h ile  th e  2 p - s t a te  a b s o rp t io n  b ro ad e n in g  m ust be  due to  some
n o n - lo c a l i ty  in  t h e  i n t e r a c t i o n .  T h is  2 p -w id th , o r  th e  c o rre sp o n d in g
n u c le a r  c a p tu re  r a t e ,  i s  a ls o  a  n e c e s s a ry  component in  th e  c a lc u la t io n  o f
th e  I s  c a p tu re  r a t e  i n  th e  tw o-nucleon  c a p tu re  model (se e  S ec . I I ) .  Here 
3 ^th e  He and He w id th s  a re  e s p e c i a l l y  i n t e r e s t i n g  b ecau se  t h i s  model i s  
s im p ly  and m ea n in g fu lly  a p p lie d  o n ly  to  th e s e  v e ry  low Z is o to p e s .
The r a d i a t i v e  y i e l d  Y (n,Jl; n ' . A ')  o f  a  t r a n s i t i o n  from  an i n i t i a l  
s t a t e  (n ,Jl) t o  a  f i n a l  s t a t e  ( n ' , £ ' )  i s  d e f in e d  e x p e r im e n ta l ly  as th e  num­
b e r  o f  x  ra y s  r e s u l t i n g  from  t h a t  t r a n s i t i o n  d iv id e d  by th e  number o f
68
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mesons s to p p ed  in  th e  t a r g e t .  The "broadening, , o f  th e  i n i t i a ln ) zi
s t a t e  can "be c a lc u la te d  by e q u a tin g  th e  y i e l d  to  th e  p ro d u c t o f  th e  num­
b e r  P 0 o f  p a r t i c l e s  p e r  s to p p ed  meson which re a c h  th e  s t a t e  (n ,H ) and th e  n ) &
f r a c t i o n  w hich make a  r a d i a t i v e  t r a n s i t i o n  to  th e  f i n a l  s t a t e ;  t h u s ,
U)ra d
Y(n,H5 n ’ . f )  = P n , t  g ' f r g p -  ■ (H >
U 0 n ,x
where w » , 0 , i s  th e  r a d i a t i v e  t r a n s i t i o n  r a t e  from  s t a t e  (n ,£ )  ton ) 9X1
s t a t e  ( n ',5 ,1) and to „ i s  th e  t o t a l  r a t e  o f  d e p le t io n  o f  th e  s t a t e  (n ,£ )IlfXi
by any m eans:
t o t  r a d  Aug abs decayto 0 =( o „ + i o „ + t o  „ + to . n ,£  n ,£  n ,£  n,Jl
i*elcL AuffHere to n and to „ a re  th e  r a d i a t i v e  and Auger t r a n s i t i o n  r a t e s ,  r e s p e c -  n,Jt, n,Jl
t i v e l y ,  from  th e  s t a t e  (n,& ) to  a l l  a llo w ed  f i n a l  s t a t e s ;  <oa^® i s  th e  r a t en,x>
o f  a b s o rp t io n  from  th e  s t a t e  (n ,S ,) , and uideca3r i s  th e  meson decay r a t e .
For th e  2 p - ls  t r a n s i t i o n  Thus i f  we know Y ( 2 p , l s ) ,  ? 2 p ’
and (0 ^  , we can c a lc u la t e  u )^  . The a b s o rp t iv e  c o n tr ib u t io n  to  th e  2p
absw id th , "hiOgp , can th e n  be e x t r a c te d  i f  th e  Auger and decay r a t e s  a re  a ls o
known. The r a d i a t i v e  and decay r a t e s  a re  e a s i l y  c a lc u la te d .  In  c o n tr a s t
th e  Auger r a t e  i s  n o t so sim ple  t o  d e te rm in e ; th e  Auger t r a n s i t i o n s  w i l l
be d is c u s s e d  i n  d e t a i l  i n  t h e  n e x t s e c t io n .  S ince  th e  a b s o lu te  y i e l d
3 3in  He was n o t m easu red , th e  He 2 p - s ta te  w id th  can n o t be found from
Eq. ( lU ).
The p o p u la tio n  o f  th e  2p s t a t e , P ^ , c a n  be  found e i t h e r  from a  
cascade  c a lc u la t io n  a n a ly s i s  o r  by add ing  th e  y ie ld s  o f  a l l  t r a n s i t i o n s
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which te rm in a te  in  th e  2p s t a t e .  The l a t t e r  y i e ld s  a re  n o t a v a i la b le
f o r  e i t h e r  h e lium  is o to p e ;  a  cascade  c a lc u la t io n  i s ,  t h e r e f o r e ,  n e c e s s a ry
f o r  th e  2 p - s t a te  w id th  d e te rm in a tio n . The b a s ic  com puter program  which
w
g e n e ra te d  th e  cascade  was p ro v id e d  by J .  H iifner. Our m o d if ie d  v e rs io n  
o f  t h i s  program  i s  d e s c r ib e d  i n  d e t a i l  i n  S ec. V.B. I t  was u sed  t o  de­
te rm in e  th e  2 p - s t a te  s tro n g  i n t e r a c t io n  w id th  a s  fo llo w s . D if fe r e n t  
v a lu e s  f o r  th e  a b s o lu te  (and r e l a t i v e )  r a d i a t i v e  y ie ld s  w ere p roduced  by 
v a ry in g  a  number o f  f r e e  p a ra m e te rs  i n  th e  cascade  c a lc u la t io n .  The param ­
e t e r s  were v a r ie d  u n t i l  t h e  c a lc u la te d  y ie ld s  were in  b e s t  agreem ent w ith  
th e  m easured y i e l d s .  One o f  th e  f r e e  p a ra m e te rs  so v a r ie d  was th e  p io n ic  
2 p - s t a te  s tro n g  i n t e r a c t io n  w id th .
S e c tio n  V.C c o n ta in s  a  com parison betw een th e  y ie ld s  p roduced  by 
th e  cascade  c a lc u la t io n  and th e  m easured  y i e l d s .  The v a lu e s  o f  th e  f r e e  
p a ra m e te rs  which p roduce  th e  a p p ro p r ia te  y ie ld s  a re  p re s e n te d .
B. Cascade Computer Program
An overv iew  o f  t h e  program  s t r u c tu r e  sh o u ld  b e n e f i t  th e  d is c u s ­
s io n  o f  th e  s p e c i f i c  d e t a i l s  o f  th e  c a lc u la t io n s  w hich fo llo w s  in  subse­
quen t s u b - s e c t io n s .  B r i e f l y ,  t h i s  program  d e te rm in ed  th e  co u rse  w hich a  
meson fo llo w ed  i n  c a sc a d in g  from  h ig h e r  t o  lo w er a tom ic s t a t e s  by com paring 
th e  r e l a t i v e  p r o b a b i l i t i e s  o f  r a d i a t i v e ,  e x te r n a l  A uger, and  S ta rk  t r a n s i ­
t i o n s ,  as w e ll  as o f  p a r t i c l e  decay and ( f o r  p io n s )  n u c le a r  a b s o rp t io n . 
V a r ia b le  p a ra m e te rs  in  t h e  program  c o n tr o l le d  th e  i n i t i a l  c a p tu re  d i s t r i ­
b u t io n  o f  th e  meson and th e  r a t e s  f o r  subsequen t S ta rk  and e x te r n a l  Auger 
t r a n s i t i o n s  and f o r  n u c le a r  a b s o rp t io n . The decay and r a d i a t i v e  r a t e s  were 
s p e c i f ie d  w ith in  t h e  program .
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The program  d e a l t  w ith  one i n i t i a l  p a r t i c l e ,  which was f r a c ­
t i o n a l l y  d i s t r i b u t e d  among th e  v a r io u s  a n g u la r  momentum s t a t e s  Z i n  th e  
i n i t i a l  l e v e l  n . S ta rk  m ix ing  among th e  s t a t e s  w i th in  th e  l e v e l  was f i r s t  
a llow ed  t o  o c cu r h u t  i n  a  way w hich acco u n ted  f o r  c o m p e titio n  from r a d i a ­
t i v e  and Auger t r a n s i t i o n s  t o  low er ly in g  s t a t e s .  The program  th e n  a llow ed  
th e s e  com peting p ro c e s s e s  to  d e p le te  th e  le v e l .T h e  f r a c t i o n  o f  th e  i n i t i a l  
p a r t i c l e  m aking a  s p e c i f ic  t r a n s i t i o n  was g iv e n  by th e  p ro d u c t o f  th e  
p o p u la tio n  o f  th e  s t a t e  and th e  r a t i o  o f  th e  p a r t i a l  r a t e  o f  t h a t  t r a n s i ­
t i o n  t o  th e  t o t a l  r a t e  ou t o f  th e  s t a t e .  F o r exam ple, th e  f r a c t i o n  o f  
th e  p a r t i c l e  m aking an Auger t r a n s i t i o n  from  th e  i n i t i a l  s t a t e  ( n , l )  to  
th e  f i n a l  s t a t e  ( n ' , £ ' )  i s ,  i n  th e  n o ta t io n  o f  Eq. ( lU ) ,
T h is  f r a c t i o n  i s  th e  f r a c t i o n  o f  th e  p o p u la t io n  o f  s t a t e  (n ,£ )  which i s  
t r a n s f e r r e d  to  s t a t e  ( n ' j i ' )  th ro u g h  Auger t r a n s i t i o n s .  The f r a c t i o n a l  
p o p u la tio n s  so d e p o s ite d  in  low er energy  s t a t e s  were s to r e d  and a llow ed  
to  undergo t r a n s i t i o n s  in  a  l a t e r  s t e p ,  a f t e r  a l l  h ig h e r  l e v e l s  were 
d e p le te d . The p o p u la t io n  w hich c o l l e c te d  i n  a  low er s t a t e  ( n 'jA 1) i n  t h i s  
manner may b e  e x p re s se d  by th e  fo llo w in g :
Because o f  th e  assum ption  o f  one i n i t i a l  meson th e  f r a c t i o n a l  p o p u la tio n
a l l  n,& 
> n ’ ,A' n,A
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o f  a  g iven  s t a t e  i s  t h e  same as th e  number o f  p a r t i c l e s  p e r  a to m ic a l ly  
c a p tu re d  meson which p a s s  th ro u g h  t h a t  s t a t e .  Because o f  t h i s  assump­
t i o n  th e  f r a c t i o n a l  p o p u la t io n  m aking a  c e r t a in  r a d i a t i v e  t r a n s i t i o n  i s  
a ls o  th e  a b s o lu te  y i e l d  o f  t h a t  t r a n s i t i o n ;  t h u s ,  f o r  exam ple,
p rad  _ „
2 p , l s  2 p , l s
R e la tiv e  y ie ld s  were de te rm ined  sim ply  by ta k in g  th e  r a t i o  o f  a b s o lu te  
y i e l d s .
The p o s s ib le  i n i t i a l  c a p tu re  d i s t r i b u t io n s  a re  d isc u s s e d  in  
Sec. V .B .l .  S e c tio n s  V .B .2  and V .B .3 c o n ta in  e x p re s s io n s  f o r  th e  r a d ia ­
t i v e  and e x te r n a l  Auger t r a n s i t i o n  p r o b a b i l i t i e s ,  r e s p e c t iv e ly .  The 
decay and n u c le a r  c a p tu re  r a t e s  i n  t h e  program  a re  e x p la in e d  i n  S ec. V.B.U. 
S ta rk  m ix ing  i s  d isc u s s e d  i n  Sec . V .B .5 , and S ec . V .B .6 d e a ls  w ith  th e  
p roblem  o f  m e ta s ta b i l i ty  in  th e  2s muonic s t a t e .
1 . I n i t i a l  D is t r ib u t io n  
^7The o r ig i n a l  program  a llo w ed  th e  cascade  to  b e g in  a t  any n 
l e v e l .  W ith in  th e  l e v e l  t h e  ch o ice  betw een a  s t a t i s t i c a l  (P 0 « 2Z + 1)QjJv
and a  un ifo rm  d i s t r i b u t i o n  e x i s t e d ,  o r ,  i f  d e s i r e d ,  any a r b i t r a r y  d i s t r i -
1^8 I4.9
b u tio n  c o u ld  be re a d  i n t o  th e  program . S e v e ra l a u th o rs  * have found 
t h a t  th e  a b s o lu te  y i e ld s  p roduced  by t h e i r  cascade  program s w ere s tr o n g ly  
dependent on th e  assumed i n i t i a l  Z d i s t r i b u t i o n  and , in  a d d i t io n ,  t h a t  th e  
s t a t i s t i c a l  d i s t r i b u t i o n  cou ld  n o t  p roduce  r e s u l t s  i n  agreem ent w ith  th e
U8m easured y i e l d s .  T hus, fo llo w in g  E ise n b e rg  and K e s s le r  , th e  ch o ice  o f  a
OtJim o d if ie d  s t a t i s t i c a l  d i s t r i b u t i o n  p r o p o r t io n a l  to  (2Z + l ) e  , where a  i s  
a  v a r ia b le  p a ra m e te r , was in tro d u c e d .
73
The i n i t i a l  c a p tu re  d i s t r i b u t io n  w i l l  n o t  n e c e s s a r i ly  be  th e  same
f o r  p io n s  and muons. In  f a c t  th e  ch o ic e  o f  an i n i t i a l  l e v e l  in  th e  c a s -
50cade c a lc u la t io n  i s  somewhat a r b i t r a r y ,  s in c e  th e  d i s t r i b u t io n  w ith in  
th e  l e v e l  can in  g e n e ra l  be a d ju s te d  to  c o u n te ra c t  t h e  e f f e c t  o f  a  change 
in  i n i t i a l  n . In  t h i s  work an i n i t i a l  n o f  12 f o r  muons and 15 f o r  p io n s  
was chosen and n o t  v a r ie d .
2 . R a d ia tiv e  T r a n s i t io n  R ates 
The r a d i a t i v e  t r a n s i t i o n  r a t e  c a lc u la t io n s  in  th e  o r ig in a l  p ro ­
gram were n o t a l t e r e d .  The t r a n s i t i o n  p r o b a b i l i t y  p e r  u n i t  tim e  from  th e  
s t a t e  (n ,£ )  t o  th e  s t a t e  ( n ' , J t ' )  i s ,  f o r  = +_ 1 ,
r a d  t e 3 U + t '+ l )  /  n '.fc 'N 2
“n.Ein'.E- -  a i A l ^ c 2)2 2(2t+1) I ' ' 1 > '
-  n 'where m i s  th e  m eson-helium  red u ced  m ass, R I i s  th e  e l e c t r i c  d ip o le  ir n ,£
m a tr ix  e le m e n t," ^  and E i s  th e  t r a n s i t i o n  en e rg y . F o r n ' £ 1 ,  th e  t r a n s i ­
t i o n  energy  was o b ta in e d  from
E = 1 /2  mi].c2 ( z a ) 2 1 _1
( f "  2( n ' ) n
For th e  K -s e r ie s  ( n ’ = l )  th e  m easured energy  E ^  lg  o f  th e  2 p - ls  t r a n s i ­
t i o n  was u sed  i n  th e  c a lc u la t io n  o f  th e  t r a n s i t i o n  energ y :
Ik
The d ip o le  m a tr ix  e lem en t i s  l a r g e r  f o r  sm a lle r  An = n -  n ' ,
3
w h ile  E i s  l a r g e r  f o r  l a r g e r  An. Thus, because  o f  th e  E dependence in  
th e  t r a n s i t i o n  p r o b a b i l i t y ,  l a r g e  An i s  u s u a l ly  fav o re d  in  an e l e c t r i c  
d ip o le  t r a n s i t i o n .
3 . E x te rn a l  Auger T ra n s i t io n  R ates
To make th e  cascade  c a lc u la t io n  s p e c i f i c a l l y  a p p lic a b le  t o
h e lium  th e  i n t e r n a l  Auger r a t e s  o f  th e  o r ig in a l  program  w ere re p la c e d  by
52 53 5ke x te r n a l  Auger r a t e s .  * * A meson when f i r s t  a to m ic a l ly  c a p tu re d  on to
a  h e lium  atom  causes  th e  e je c t io n  o f  an Auger e le c t r o n .  The n ex t s te p  in  
th e  cascade  i s  th e  Auger e je c t io n  o f  th e  rem ain ing  e le c t r o n .  At t h i s  
p o in t  th e  s in g ly  io n iz e d  m esic  h e lium  atom ap p ears  p r o to n - l ik e  t o  i t s  
he lium  n e ig h b o rs , so t h a t  t h e  e le c t r o n  vacancy  i n  th e  m esic  atom cannot 
be r e p le n is h e d  by th e  more t i g h t l y  bound e le c tr o n s  from  o rd in a ry  h e liu m . 
F u r th e r  Auger t r a n s i t i o n s  i n  th e  m esonic atom m ust be due t o  an e x te r n a l  
Auger e f f e c t ;  t h a t  i s ,  th e  Auger e le c t r o n  m ust be  e je c te d  upon c o l l i s i o n  
w ith  a  n e ig h b o rin g  h e lium  atom . The mechanism f o r  th e  e x te r n a l  Auger 
e f f e c t  i s  t h e  same as t h a t  f o r  i n t e r n a l  Auger ex c ep t t h a t  th e  form er de­
pends a d d i t io n a l ly  on th e  e le c t r o n  d e n s i ty  i n  th e  l i q u i d  and th e  r e l a t i v e  
speed  o f  t h e  c o l l id in g  atom s.
5kThe e x te r n a l  Auger t r a n s i t i o n  r a t e  i s ,  f o r  AI  = ± 1 ,
Aug _ 1 6 , V H  me ( v V  U H -+ 1 ) / nn ' . A ' \ g r , ■ %  1 2
“Min**' '  2(2l +i) i En,t ) L ' V*eJ
where Nq i s  t h e  e le c t r o n  d e n s i ty  o f  t h e  h e liu m , and
e A ■ 1 ' 2 ( a ‘>S V 1'  7 7 ^  -  4  -  B + H 2  <Ze f f “ > VIn ' ) n
i s  th e  energy  o f  th e  e je c te d  Auger e le c t r o n .  B i s  th e  e le c t r o n  b in d in g  
e n e rg y , and Ze f f  = 1 .6 9  i s  th e  e f f e c t i v e  charge  seen  by e i t h e r  e le c t r o n  
in  a  norm al h e liu m  atom . must be p o s i t i v e  i n  o rd e r  f o r  th e  Auger p ro ­
c e ss  t o  ta k e  p la c e .
Nq was made a  v a r ia b le  p a ra m ete r  in  t h e  program  b e cau se  i t  was 
a n t i c ip a t e d  t h a t  m o le c u la r  e f f e c t s  m igh t cause th e  l o c a l  e le c t r o n  d e n s ity  
t o  be e f f e c t i v e l y  h ig h e r  th a n  th e  a v e ra g e . More s p e c i f i c a l l y ,  i f  th e  
c o l l id in g  atoms which p a r t i c i p a t e  i n  th e  Auger p ro c e s s  form  a  tem porary  
m o le c u le , an e le c t r o n  from  th e  norm al h e liu m  atom may p a r t i a l l y  o r b i t  th e  
p o s i t i v e l y  charged  m esic atom . The a p p a re n t e le c t r o n  d e n s i ty  would th u s  
be in c re a s e d  w ith  consequen t enhancem ent o f  t h e  p r o b a b i l i t y  f o r  Auger 
e je c t i o n .
As in  t h e  i n t e r n a l  A uger p r o c e s s ,  th e  e x te r n a l  Auger r a t e  i s  dom­
in a te d  by sm all An t r a n s i t i o n s  due to  t h e  s tro n g e r  dependence on th e  
sq u are  o f  th e  m a tr ix  e lem ent th a n  on en e rg y .
U. P a r t i c l e  Decay and N u c lear A b so rp tio n
These r a t e s  a re  g rouped  under th e  same h ead ing  b e c au se  th e y  b o th  
c o n tr ib u te  t o  th e  d e p le t io n  o f  a  g iv en  s t a t e  w ith o u t add ing  to  th e  p o p u la ­
t i o n  o f  a  lo w er ly in g  s t a t e .  The decay r a t e  o f  th e  muon o r  p io n  was a  
f ix e d  q u a n t i ty  w hich was i n s e r t e d  d i r e c t l y  i n to  th e  cascade  program  f o r  
th e  a p p ro p r ia te  m e s o n .^  The a b s o rp t io n  r a t e s  f o r  th e  I s  and 2p s t a t e s  
were t r e a t e d  as v a r ia b le  p a ra m e te rs . I t  was assumed t h a t  a b s o rp t io n  from  
h ig h e r  I  s t a t e s  does n o t o c c u r. To o b ta in  th e  r a t e s  f o r  t h e  h ig h e r  s  and
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38p s t a t e s  th e  r a t e s  f o r  th e  I s  and 2p s t a t e s  were s c a le d  as  fo llo w s :
abs , abs , 3 a) = w, /n  ns I s
o
abs , abs 32 (n - l )
O n  Q  c  •np 2P 3
The I s  a b s o rp t io n  r a t e  was v a r ie d  to  d e te rm in e  i t s  e f f e c t  on 
th e  y i e l d s .  W hile o th e r  q u a n t i t i e s  were b e in g  v a r i e d ,  how ever, t h i s  r a t e  
was s e t  a t  th e  v a lu e  m easured  f o r  th e  s p e c i f i c  h e liu m  is o to p e .  The 2p 
a b s o rp tio n  r a t e  p a ra m e te r  was de te rm ined  by  v a ry in g  t h i s  p a ra m e te r  and 
o b se rv in g  i t s  e f f e c t  on th e  c a lc u la te d  y i e l d s .
5 . The S ta rk  E f f e c t  
When a  m esonic h e liu m  atom comes w ith in  th e  e l e c t r i c  f i e l d  o f  
a n o th e r  h e lium  atom i n  th e  l i q u i d ,  m esonic I  s t a t e s  w i th in  a  g iv en  n
l e v e l  may be m ixed. T h is  S ta rk  m ixing  r e s u l t s  in  a  g e n e ra l  s h i f t i n g  o f
5k 5 6th e  l e v e l  p o p u la t io n  tow ard  empty % s t a t e s .  M ichael and E a r t ly
_ It
in  t h e i r  cascade  c a lc u la t io n s  fo r  K , 7r , and y i n  l i q u i d  He found i t
n e c e s s a ry  to  in tro d u c e  S ta rk  m ix ing  i n  o rd e r  t o  o b ta in  agreem ent w ith
U
m easured  y i e l d s .  They r e q u i r e d  o n ly  weak S ta rk  m ix in g . In  k a o n ic  He c a l ­
c u la t io n s  by  M ichael th e  S ta rk  m ix ing  was a p p lie d  o n ly  to  empty th e
5U 57h ig h  l e v e l  c i r c u l a r  s t a t e s  from  w hich A uger t r a n s i t i o n s  were im p o s s ib le . *
rQ
P l a c c i , et_ a l . needed  s tro n g  S ta rk  m ix ing  t o  p roduce  agreem ent betw een
kt h e i r  cascad e  c a lc u la t io n  and t h e i r  m easured  y i e ld s  f o r  y in  gaseous He.
The S ta rk  e f f e c t  was in c lu d e d  i n  t h e  p r e s e n t  com puter program  in  
th e  fo llo w in g  m anner. S ta rk  m ix ing  was perfo rm ed  b e fo re  th e  p a r t i c l e s  were
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a llo w ed  t o  make t r a n s i t i o n s  o u t o f  th e  l e v e l .  F o llow ing  E a r t l y ,  th e  S ta rk  
st r a n s i t i o n  r a t e  from  s t a t e  (n,X,) to  s t a t e  (n ,X ,') was ta k e n  t o  "be
S - /-n .X ,' .2  
= n,X, * *
11 fb *where i s  th e  d ip o le  m a tr ix  e le m en t, and F i s  an a d ju s ta b le  p a ram ete r
* Q
p r o p o r t io n a l  to  th e  e l e c t r i c  f i e l d  s t r e n g th .  E a r t ly  found F = 10 (weak
S ta rk  m ix ing ) p ro v id e d  agreem ent betw een m easured and c a lc u la te d  y i e ld s  f o r  
1*
p io n s  and muons in  He. In  th e  p re s e n t  c a lc u la t io n  S ta rk  t r a n s i t i o n s  a re  
a llow ed  o n ly  betw een a d ja c e n t X, l e v e l s ,  so t h a t  X,’ = Z +_ 1 . I f  th e  energy  
d i f f e r e n c e  betw een two a d ja c e n t  s t a t e s  (d u e , f o r  exam ple, to  s tro n g  i n t e r ­
a c t io n  and vacuum p o la r i z a t io n  s h i f t s )  was to o  g r e a t  t o  a llo w  S ta rk  m ix in g , 
t h a t  i s
h  ~ h '  > ( r x,  +  vv )/2  * ( l 6 )
where and F^, a re  th e  w id th s , in c lu d in g  S ta rk  m ix in g , o f  th e  s t a t e s  Z
and X,1, th e n  u>^  = 0 .
The f r a c t i o n  o f  th e  p o p u la tio n  in  a  g iven  s t a t e  (n,X,) which m ixes 
to  th e  s t a t e  ( n ,A ') i s  g iv en  by  th e  r a t i o  a^ o f  th e  S ta rk  r a t e  o u t o f
th e  s t a t e  (n,X,) t o  th e  t o t a l  r a t e  o f  d e p le t io n  o f  t h a t  s t a t e :
(17)
a b Bw here k i s  any p o s s ib le  f i n a l  s t a t e .  Because o f  th e  te rm  u)  ^ i n  th e  
denom inator o f  Eq. (1 7 ) l i t t l e  o r  no S ta rk  m ixing  o c c u rs  f o r  a  s t a t e  w ith  
a  h ig h  r a t e  o f  n u c le a r  a b s o rp t io n .
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In  o rd e r  t o  accoun t f o r  m ix ing  from  s t a t e s  up to  fo u r  £ v a lu e s  
away, fo u r  c o n se c u tiv e  m ixing  t r a n s i t i o n s  betw een a d ja c e n t  s t a t e s  were 
made in  th e  cascade  c a lc u la t io n .  The p o p u la t io n  A '(£ )  o f  each  s t a t e  a f t e r  
S ta rk  m ixing  was c a lc u la te d  u s in g  an e q u a tio n  o f  th e  form  o f  Eq. ( l 8 ) ,  
which d e s c r ib e s  th e  ca se  o f  o n ly  two c o n se c u tiv e  t r a n s i t i o n s .
A ' ( A )  =  [ 1 - ( a £ >S, _ i + a j i j £ + i ) + ( a i t j £ + 1a £ + i j £ + a i!,>£ _ i V l , J l ) ] A ( £ )
+ a£ - l , £ ^ 1 ' '  ^a £ , £+ l+a£ , £-1  ^  A^ _1 +^a£ + l , £ ^ 1_ ^  a£ , £+ l+a£ , £ -1  ^  A^ +1 * 
+ a£ - 2 , £ - l a£ - l , £ A^ _2 ^+a£+2 ,£ + la £ + l,£ A^ + 2^
A (£ ), A (£ + l) , and A(£+2) a re  t h e  p o p u la t io n s  b e fo re  S ta rk  m ix ing  o f  th e  
s t a t e s  ( n ,£ ) ,  ( n ,£ j \ i ) ,  and (n ,£ + 2 ) r e s p e c t iv e ly .
A f te r  th e  p o p u la tio n  o f  each  s t a t e  -in  a  l e v e l  was a d ju s te d  fo r  
th e  S ta rk  e f f e c t  th e  program  d ep o p u la ted  th e  l e v e l  v i a  Auger and r a d i a t i v e  
t r a n s i t i o n s ,  and by th e  decay p ro c e s s  o r  p io n  a b s o rp t io n .
6 . Muonic "Mixed" T r a n s i t io n s  
1*
I n i t i a l l y  th e  y -  He a b s o lu te  y ie ld s  co u ld  n o t be f i t  w ith  any
re a so n a b le  com bination  o f  th e  above p a ra m e te rs , b ecau se  a  l a r g e  f r a c t io n
o f  th e  muons in  th e  c a lc u la t io n  were m aking t r a n s i t i o n s  to  th e  m e ta s ta b le
2s s t a t e .  Thus "mixed" A u g e r - ra d ia t iv e  t r a n s i t i o n s  as  .d isc u sse d  by 
59Ruderman were in tro d u c e d  in to  th e  muonic he lium  cascade  program . These 
t r a n s i t i o n s  a llo w  th e  muons w hich cascade  t o  th e  m e ta s ta b le  2 s s t a t e  to  
le a v e  th e  s t a t e  w ith  th e  em iss io n  o f  a  s in g le  x  r a y .  The x ra y  ta k e s  away 
most o f  th e  energy  o f  th e  t r a n s i t i o n ,  w h ile  th e  r e s t  o f  th e  energy  and a
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u n i t  o f  a n g u la r  momentum a re  ta k e n  away by e le c tr o n s  in  su rro u n d in g  atom s.
Ruderman c a lc u la te d  th e  r a t i o  o f  th e  m ixed t r a n s i t i o n  r a t e  to  th e  m ost
p ro b a b le  2 s - l s  Auger and r a d i a t i v e  t r a n s i t i o n  r a t e s  f o r  a  g e n e ra l  c a se .
3
A p p lic a tio n  o f  h i s  c a lc u la t io n s  t o  He in d ic a te s  t h a t  th e  m ixed t r a n s i t i o n  
i s  in d eed  a  p la u s ib le  c o n tr ib u to r  t o  th e  m easured Ka  y i e l d .  The M2 r a d ia ­
t i v e  t r a n s i t i o n  r a t e  f o r  2s - l s  i s  two o rd e rs  o f  m agnitude low er th a n  th e  
mixed r a t e .  The mixed t r a n s i t i o n  r a t e  i s  ro u g h ly  a f a c to r  o f  th r e e  h ig h e r  
th a n  th e  2 s - l s  e x te r n a l  Auger t r a n s i t i o n  r a t e ,  so t h a t  some c o m p e titio n  
betw een th e s e  two r a t e s  may o c c u r.
The muonic cascade  program  was m o d ified  to  in c lu d e  th e  mixed 
ra d ia tiv e -A u g e r  t r a n s i t i o n  s im p ly  by  add ing  th e  2 s - s t a t e  p o p u la t io n  to  th e  
a b s o lu te  y i e l d .  T h is  f u l l  d e p o p u la tio n  o f  th e  2s s t a t e  by m ixed t r a n ­
s i t i o n s ,  though  p ro b ab ly  an o v e re s tim a te  b ecau se  o f  th e  com peting 2 s - l s  Auger 
t r a n s i t i o n  p o s s i b i l i t y ,  was t r i e d  as a  f i r s t  ap p ro x im a tio n . I t  p roduced  
agreem ent betw een c a lc u la te d  and e x p e rim e n ta l y i e l d s ,  so t h a t  no f u r th e r  
re f in e m e n ts  were a tte m p te d , e s p e c ia l ly  s in c e  th e  t h e o r e t i c a l  and e x p e r i ­
m en ta l u n c e r t a in t i e s  w ere l a r g e .  The a d d it io n  in c re a s e d  th e  y-Ka  y ie ld s  
3 1+
in  b o th  He and He by a p p ro x im ate ly  20%.
C. Comparison o f  Cascade C a lc u la tio n  R e s u lts  to  E x p e rim en ta l Y ie ld s
3 U UBoth He and He y i e ld s  a re  t r e a t e d  in  t h i s  s e c t io n .  The He
y ie ld s  (T ab le  X) have been  in c lu d e d  fo r  two r e a s o n s .  F i r s t ,  th e y  have
n o t y e t  been  an a ly z e d  t o  o b ta in  t h e  p io n ic  2p w id th . Second, th e  g r e a te r  
U
number o f  He y i e l d  m easurem ents and th e  e x is te n c e  o f  a b s o lu te  m easurem ents
3
co u ld  p e rm it s e v e r a l  o f  th e  v a r ia b le  p a ra m e te rs  in  th e  He cascad e  program
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U 22t o  be s p e c i f ie d  more p r e c i s e ly .  The He atom ic d e n s i ty ,  1 .8 8  x 10
3 3atom s/cm  , was o n ly  s l i g h t l y  l a r g e r  th a n  th e  2.7°K  He d e n s i ty  o f  1.U8
22 3x 10 atom s/cm  . Thus th e  p a ram ete rs  d e s c r ib in g  p u re ly  e l e c t r o n i c  e f ­
f e c t s  ( i n i t i a l  d i s t r i b u t i o n ,  A uger, and S ta rk )  sh o u ld  be common t o  b o th  
i s o to p e s .  The e f f e c t s  due t o  th e  s tro n g  i n t e r a c t io n  w i l l  be  q u i te  d i f ­
f e r e n t  due to  th e  d i f f e r e n c e  i n  n uc leon  number and d e n s i ty .
As m entioned  i n  S ec. V .A ,. th e  cascade  c a lc u la t io n  was perfo rm ed  
f o r  s e v e r a l  v a lu e s  o f  each p a ra m e te r . W hile one p a ra m ete r  was b e in g  
v a r ie d ,  th e  o th e r  p a ra m e te rs  were f ix e d  a t  t h e i r  c u r r e n t  b e s t  v a lu e s .
S ince  th e  number o f  p a ra m e te rs  i n  t h e  muonic cascade  was s m a lle r  th e s e  
program s were run  f i r s t  and v a lu e s  fo r  th e  S ta rk  and Auger p a ra m e te rs  ob­
t a in e d  which co u ld  b e  used  as i n i t i a l  g u esses  in  th e  c o rre sp o n d in g  p io n ic  
c a sc a d e s .
T ab le  XI l i s t s  th e  ran g es  o f  th e  v a r ia b le  p a ra m e te rs  w i th in  which
3 ^agreem ent w ith  th e  e x p e rim e n ta l He and He muonic and p io n ic  y ie ld s  was 
found. The a c c e p ta b le  range  f o r  each p a ra m ete r  i s  a p p lic a b le  when a l l  o f  
th e  o th e r  p a ra m e te rs  a re  h e ld  a t  g iven  f ix e d  v a lu e s .  A s im u ltan eo u s  
v a r i a t i o n  o f  a l l  p a ra m e te rs  t o  th e  ex trem es o f  t h e i r  a c c e p ta b le  ran g e s  may 
r e s u l t  in  y i e l d  v a lu e s  w hich do n o t o v e r la p  th e  e x p e rim e n ta l y i e l d s ,  b u t  
s l i g h t  v a r i a t io n s  in  th e  f ix e d  p a ra m e te rs  has o n ly  a  sm a ll e f f e c t  on th e  
a c c e p ta b le  ran g e  f o r  th e  v a r ie d  p a ra m e te r .
S ince  th e  i n i t i a l  l e v e l  was h e ld  f ix e d  th e  on ly  in fo rm a tio n  to  
be o b ta in e d  abou t th e  i n i t i a l  d i s t r i b u t i o n  i s  th e  d i s t r i b u t i o n  w ith in  th e  
l e v e l .  V alues o f  a  in  th e  m o d if ie d  s t a t i s t i c a l  d i s t r i b u t i o n ,  (2Jt+ l)e , 
were v a r ie d  from  + 0 .2  t o  - 0 .8  in  i n t e r v a l s  o f  0 .1 .  P o s i t iv e  v a lu e s  o f  a
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i n  th e  muonic and p io n ic  cascad e  program s f o r  "both h e lium  is o to p e s  gave
no agreem ent w ith  e x p e rim e n ta l y i e l d s .  T ab le  XI shows th a t  a l l  n e g a tiv e
v a lu e s  o f  a  a re  c o n s is te n t  w ith  th e  e x p e rim e n ta l r e s u l t s  f o r  muons in
b o th  i s o to p e s ,  and t h a t  i n  a d d it io n  th e  s t a t i s t i c a l  d i s t r i b u t i o n  i s
3
a c c e p ta b le  f o r  muonic He. F ig u re  15 i l l u s t r a t e s  how th e  a c c e p ta b le
range  f o r  a  was de te rm ined  f o r  muonic S ie . A ll  m easured y i e ld s  (w ith in
t h e i r  u n c e r t a i n t i e s )  axe r e q u i r e d  t o  o v e r la p  th e  c a lc u la te d  cu rve  a t  a  g iven
a  v a lu e  in  o rd e r  to  c o n s t i tu t e  ag reem en t. I t  i s  seen  t h a t  th e  l i m i t  on a
3
here i s  s e t  by th e  K /Ke and K / a l l  K y ie ld  r a t i o s . The curves fo r  He Eire
Ot p  Ot
s im i la r ,  b u t  n o t q u i te  as in fo rm a tiv e  s in c e  th e r e  a re  o n ly  two e x p e rim e n ta l
y i e l d  vsilues w ith  which t o  compare them , namely th e  K /Kft Eind th e  K / s i l l  K.
Ot p  ot
The cascade  c a lc u la t io n  rep roduced  th e  e x p e rim e n ta l r e s u l t s  f o r  
3 I4.
p io n ic  He and He o n ly  n e a r  a  = - 0 .6 ,  as may be seen  in  T ab le  X I. F ig u re
16 i l l u s t r a t e s  th e  com parison o f  th e  e x p e rim e n ta l w ith  th e  c a lc u la te d
U
y ie ld s  f o r  p io n ic  He. Curves a re  shown fo r  two d i f f e r e n t  vsilues o f  th e
2 p - s ta te  w id th . The a c c e p ta b le  range  o f  a  in  T ab le  XI i s  ta k e n  from  th e
-kcu rves f o r  a  f ix e d  2 p - s t a te  w id th  o f  3 x  10 eV. Agreement betw een c a l ­
c u la t io n  and experim en t does n o t o ccu r u n le s s  2 p - s t a te  a b s o rp t io n  i s
1*
Eillowed. Agreement f o r  p io n ic  He had  to  be d e f in e d  as agreem ent o f  th e  
c a lc u la t io n s  w ith  e ill y i e l d  v a lu e s  ex c ep t th e  a b s o lu te  tt-K^ y i e l d ,  s in c e  no
v a lu e  o f  a  co u ld  be found w hich f i t  e il l  y i e l d  q u a n t i t i e s  s im u lta n e o u s ly .
3  It
Again th e  He cu rv es  a re  s im i la r  to  th o s e  fo r  He and a re  th e r e f o r e  n o t
shown.
R e la tiv e  y ie ld s  were im p o rta n t i n  th e  d e te rm in a tio n  o f  e ill  o f  
th e  above l i m i t s  f o r  th e  i n i t i a l  d i s t r i b u t io n  p a ram ete r ot. The A ll-K
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y i e l d  s e t  th e  u pper l i m i t  on a  f o r  p io n ic  He. A ll  o th e r  l i m i t s  on ot were
d e te rm in ed  e s s e n t i a l l y  from  th e  K /KQ and K /A l l  K r e l a t i v e  y i e l d s .
ot p u
T hese r e s u l t s  in d ic a te  t h a t  i n  he lium  th e  m o d if ie d  s t a t i s t i c a l
d i s t r i b u t io n  can p roduce agreem ent betw een c a lc u la te d  and m easured y ie ld s
w ith in  th e  e x p e rim e n ta l u n c e r t a i n t i e s .  The d i s t r i b u t i o n ,  how ever, fa v o rs
5U ka  <_ 0 r a t h e r  th a n  th e  01 = + 0 .2  u sed  by M ichael f o r  k ao n ic  He and by 
E ise n b e rg  and K e s s l e r ^  f o r  o th e r  low Z e le m en ts . E a r t l y ^  u sed  a  s t a t i s ­
t i c a l  i n i t i a l  d i s t r i b u t i o n .  The i n i t i a l  n v a lu e s  u sed  in  each  c a se  d i f f e r e d  
s l i g h t l y  from  th o se  u sed  h e re .
T hat S ta rk  m ix ing  had  l i t t l e  e f f e c t  on th e  y i e ld s  p roduced  by 
th e  cascade  c a lc u la t io n  may b e  seen  by n o tin g  th e  la r g e  range  o f  a c c e p ta b le  
v a lu e s  f o r  th e  p a ram ete r F in  T ab le  X I. V alues o f  F in  s te p s  o f  f a c to r s
k 11o f  te n  from  10 to  10 were t r i e d  i n  th e  p rogram , as  w e ll  as  F = 0 . No
S ta rk  m ix ing  was n e c e s s a ry  f o r  p ro d u c in g  agreem ent betw een c a lc u la t io n s  and
3 Uexperim en t f o r  e i t h e r  muons o r  p io n s  i n  e i t h e r  He o r  He, though  weak 
S ta rk  m ix ing  was a c c e p ta b le  i n  b o th  i s o to p e s .  As may be seen  in  F ig s .
1 7 (a )  and ( b ) ,  s t r o n g e r  S ta rk  m ixing  p roduced  r e s u l t s  in  d isag reem en t w ith  
m easured  y i e l d s .
S ta rk  m ix ing  below  n = 5 was g e n e ra l ly  fo rb id d e n  in  th e  cascade  
program  b ecau se  Eq. ( l6 )  d id  n o t h o ld . Thus S ta rk  m ix ing  assumed th e  r o le  
o f  a d ju s t in g  th e  p o p u la t io n s  o f  h ig h e r  l e v e l s  so t h a t  th e  a p p ro p r ia te  
y ie ld s  co u ld  be  p roduced  i n  th e  lo w er l e v e l s .  The assumed i n i t i a l  l e v e l  
and d i s t r i b u t i o n  a ls o  in f lu e n c e d  t h e  p o p u la t io n  so t h a t  a  d i f f e r e n t  ch o ice  
o f  i n i t i a l  l e v e l  would r e q u i r e  a  d i f f e r e n t  d i s t r i b u t i o n  and p e rh ap s  even 
make S ta rk  m ixing n e c e s s a ry . Thus w ith o u t in dependen t knowledge o f  th e
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i n i t i a l  d i s t r i b u t i o n ,  i t  i s  d i f f i c u l t  w i th in  th e  p r e c i s io n  o f  t h i s  e x p e r i ­
ment t o  i n t e r p r e t  th e  o b s e rv a t io n  t h a t  S ta rk  m ixing  i s  n o t r e q u i r e d ,  b u t 
i s  a c c e p ta b le  a t  low r a t e s .
The Auger p a ra m e te r  Nq which rep ro d u ced  th e  e x p e rim e n ta l y ie ld s
was in  good agreem ent w ith  th e  e le c t r o n  d e n s i ty  f o r  b o th  i s o to p e s ,  as  i s
3 Ushown by T ab le  XI. S ince  th e  v a lu e  o f  f o r  He and He shou ld  be  v e ry
n e a r ly  th e  same, th e  low er ran g e  shown in  T ab le  XI f o r  t h i s  q u a n ti ty  in  
3
y -  He was c o n s id e re d  in v a l id .  The c a lc u la te d  and m easured y ie ld s  as a 
f u n c t io n  o f  f o r  p io n ic  ^He a re  p re s e n te d  i n  F ig s . 1 8 (a ) and 1 8 (b ) .
The cascade  c a lc u la t io n  r e s u l t s  and th e  e x p e rim e n ta l y ie ld s  e s ­
t a b l i s h e d  a  low er l i m i t  o f  20 eV fo r  th e  l s - s t a t e  s tro n g  i n t e r a c t io n  w id th
3
in  p io n ic  He. T h is  l i m i t  i s  dependent on th e  v a lu e  chosen fo r  th e  2 p - s t a te
kw id th . The dependence i s  e x h ib i te d  f o r  p io n ic  He in  F ig . 19- The i n t e r ­
dependence o f  th e  2p - and l s - s t a t e  w id th s  makes th e  s im u ltan eo u s  d e te rm in a ­
t i o n  o f  b o th  w id th s  u s in g  th e  cascade  program  d i f f i c u l t .  As seen  in
F ig . 1 9 , how ever, sm a ll u n c e r t a in t i e s  on th e  a b s o lu te  y i e ld s  co u ld  re n d e r
t h i s  p o s s ib le .  I n  th e  p re s e n t  a n a l y s i s , th e  d i r e c t  m easurem ents o f  th e  l s -
s t a t e  he lium  w id th s  w ere u se d  in  th e  d e te rm in a tio n  o f  th e  2 p - s t a te  s tro n g
3
i n te r a c t io n  w id th s . The He l s - s t a t e  w id th  was s e t  a t  th e  ex p e rim e n ta l 
v a lu e  o f  110 eV (T ab le  VI) w h ile  th e  2 p - s t a te  w id th  was v a r ie d .  The ob­
se rv e d  y ie ld s  w ere rep ro d u ced  when th e  2 p - s t a te  w id th  was c o n s tra in e d  t o  
be < .0 .0 0 1  eV.
k
A ccording to  F ig .  19 th e  p io n ic  He l s - s t a t e  w id th  may ta k e  any
v a lu e  in  th e  range  5 eV t o  60 eV. The s tro n g  enhancem ent o f  a b s o lu te  y ie ld s
below  5 eV r e f l e c t s  th e  d e c re a se  in  p io n  a b s o rp t io n  from  h ig h  ns o r b i t s .
The 2 p - s ta te  s tro n g  i n te r a c t io n  w id th , a s  seen  in  F ig . 20 m ust be g r e a te r
-U -3th a n  10 eV and l e s s  th a n  10 eV i n  o rd e r  f o r  th e  cascade  program  t o  r e ­
produce th e  m easured y ie ld s  when th e  I s  w id th  i s  s e t  a t  th e  e x p e rim e n ta l 
v a lu e  o f  10 eV.
A com parison o f  th e s e  w id th s  w ith  t h e o r e t i c a l  w id th s  w i l l  be 
p re s e n te d  in  th e  n e x t s e c t io n .
V I. SUMMARY AND CONCLUSIONS
The e x p e rim e n ta l and t h e o r e t i c a l  r e s u l t s  a re  compared in  th e  
f i r s t  s e c t io n .  The second s e c t io n  c o n ta in s  su g g e s tio n s  fo r  improvements 
and a d d i t io n s  to  t h i s  e x p e rim en t.
A. D isc u ss io n  o f  R e s u lts
The m easured and p r e d ic te d  p io n ic  and muonic K -s e r ie s  t r a n s i t i o n  
3
e n e rg ie s  in  He a re  l i s t e d  in  T ab le  X II. The p r e d ic te d  v a lu e s  in c lu d e  a l l
c o r r e c t io n s  d is c u s s e d  i n  C hapter I I  ex cep t th e  p io n -n u c le a r  i n te r a c t io n
s h i f t .  The d i f f e r e n c e  betw een th e  m easured and p r e d ic te d  e n e rg ie s  f o r
muonic x  ra y s  i s  seen  t o  be c o n s is te n t  w ith  z e ro ,  a s  e x p e c te d . A p o s i t iv e
3
d i f f e r e n c e  v a lu e  f o r  th e  p io n ic  t r a n s i t i o n s  in d ic a te s  t h a t  th e  He l s - s t a t e  
energy  s h i f t  i s  a t t r a c t i v e .  The s h i f t  de te rm ined  from  th e  Tr-Kg t r a n s i t i o n  
i s  in  good agreem ent w ith  t h a t  de te rm ined  from th e  The w e ig h ted
av erag e  o f  th e  l s - s t a t e  s h i f t s  de te rm ined  from  th e  ir-K and tt-K0 t r a n s i -Ct p
t i o n  e n e rg ie s  g iv e s  a  m easured  l s - s t a t e  s tro n g  in t e r a c t io n  s h i f t  o f
“ S  = - 1,3-2k  eV-
The anom alously  la r g e  s h i f t  o b ta in e d  fo r  th e  irK^ o n ly  confirm s our b e l i e f  
t h a t  t h i s  peak  p o s i t io n  c o n ta in s  w i th in  i t  e v e n ts  c o rre sp o n d in g  t o  h ig h e r  
K -s e r ie s  t r a n s i t i o n s .  T h e re fo re  we s h a l l  ..drop i t  from  f u r t h e r  c o n s id e ra ­




T hat th e  l s - s t a t e  s tro n g  i n t e r a c t io n  s h i f t  i n  He i s  a t t r a c t i v e
i s  o f  i n t e r e s t  b ecau se  t h i s  s h i f t  i s  r e p u ls iv e  fo r  a l l  p re v io u s  m easu re-
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m ents in  medium and low Z e le m e n ts , in c lu d in g  He. The l s - s t a t e  s tro n g
k « 7i n te r a c t io n  s h i f t  in  He was m easured to  be +80 +_ 50 eV by Wetmore e t  a l  .
Thus th e r e  i s  d e f i n i t i v e  ev idence  fo r  a  h e lium  is o to p e  s h i f t .
3
The a t t r a c t i v e  l s - s t a t e  s h i f t  i n  He may be seen  as  a  consequence 
o f  th e  n e a r  c a n c e l la t io n  o f  th e  i s o s c a la r  and i s o v e c to r  te rm s in  th e  o p t i ­
c a l  p o t e n t i a l  Eq. ( 2 ) .  When Eq. (3 ) i s  u se d  to  d e te rm in e  th e  s h i f t  AE, 
th e  c o n d it io n  f o r  an a t t r a c t i v e  s h i f t  i s  t h a t  th e  p o t e n t i a l  V(R) be l e s s  
th a n  ze ro  (a p p ro x im a te ly ) . T h is im p lie s  t h a t
, e f f  A N-Z , e f f  ^ .
0 + — " l  > °-
e f f  e f fS ince  bg and b^ a re  b o th  n e g a t iv e ,  th e  above term  can be p o s i t i v e  o n ly  
i f  (N-Z)/A i s  n e g a t iv e .  The p o t e n t i a l  w i l l  be  a t t r a c t i v e  o n ly  when
N-Z . e f f >% e f f
T "  1 0
For He, in  which (N-Z)/A = - 1 /3 ,  t h i s  c o n d it io n  i s  n e a r ly  s a t i s f i e d  fo r
e f f  e f fa l l  s e t s  o f  p a ra m e te rs  bg , b^ i n  T ab le  I I .  For a l l  h ig h e r  Z e lem ents 
A »  N-Z w ith  th e  r e s u l t  t h a t  th e  l s - s t a t e  s h i f t  i s  r e p u ls iv e .
No s e t  o f  p a ra m e te rs  in  T ab le  I I  p r e d ic t s  an energy  s h i f t  (E q .(3 ) )
3
in  agreem ent w ith  th e  m easured  He l s - s t a t e  energy  s h i f t .  Use o f  a  more
r e a l i s t i c  d e n s i ty  fu n c t io n  m ight a l t e r  t h i s  s i t u a t i o n .  However, under th e
assum ption  o f  a  c o n s ta n t n u c le a r  d e n s i ty ,  th e  s e t  o f  p a ra m e te rs  de te rm ined
2hby A nderson, J e n k in s ,  and Powers from f i t s  t o  m easured s h i f t s  and w id th s  
p r e d i c t s  th e  v a lu e  which m ost c lo s e ly  a g re e s  w ith  o u r  m easurem ents.
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I t  i s  o f  i n t e r e s t  t h a t  th e  t re a tm e n t  o f  th e  ir-nuc leus  i n t e r a c ­
t i o n  as S-wave s c a t t e r in g  w ith o u t a b s o rp t io n  by D eser (S ec. I I .E )  a ls o  
p roduces  v a lu e s  f o r  th e  I s  s tro n g  in t e r a c t io n  s h i f t  which a g ree  w ith  t h i s  
ex p erim en t. The a d d it io n  by B rueckner o f  a b s o rp t io n  e f f e c t s  p ro d u ces  
r e s u l t s  in  d isag reem en t w ith  ex p erim en t.
The muonic K n a tu r a l  w id th  m easured in  t h i s  experim en t shou ld  a
be c o n s is te n t  w ith  z e ro ,w h ich  i t  i s .  The la r g e  u n c e r t a in t i e s  r e f l e c t  th e  
sm all number o f  co u n ts  in  th e  peak  and th e  f a c t  t h a t  d a ta  from o n ly  one 
ru n  was u sed . The s iz e  o f  th e s e  u n c e r t a in t i e s  a ls o  em phasizes th e  need 
in  t h i s  experim en t f o r  u s in g  in - r u n  c a l ib r a t io n  peaks r a th e r  th a n  muon 
peaks t o  de te rm ine  th e  in s tru m e n ta l  w id th  f o r  p io n  m easurem ents.
O p tic a l  model p r e d ic t io n s  o f  th e  l s - s t a t e  a b s o rp t io n  b ro ad en in g
O
in  p io n ic  He v a ry  from 27 eV t o  58 eV (T ab le  I I ) .  The tw o -n u cleo n  model 
g iv e s  r e s u l t s  in  th e  range  5 eV t o  20 eV (T ab le  I I I ) .  The m easured  irKOt
and irKQ n a tu r a l  w id th s  l i s t e d  in  T ab le  VI a re  c o n s is te n t  w ith  any o f  th ep
p r e d ic te d  v a lu e s ,  and a ls o  w ith  zero  w id th . The w eigh ted  av erag e  o f  th e
3
w id th s  o f  th e  irK and ttK0 l i n e s  g iv e s  f o r  th e  l s - s t a t e  w id th  in  He: a  p
Ari s (3He) = 8 9 + 6 7  eV.
T h is  r e s u l t  fa v o rs  th e  o p t i c a l  model p r e d i c t i o n s ,  b u t  does n o t d is c r im in a te
among th e  v a r io u s  s e t s  o f  e f f e c t i v e  p a ra m e te rs . The i n d i r e c t  l s - w id th
m easurem ent o b ta in e d  from th e  cascade  c a lc u la t io n  s e t s  a  lo w er l i m i t  o f
20 eV (T ab le  XI) on th e  a b s o rp t io n  w id th  o f  p io n s  from  th e  I s  s t a t e  in  
3
He. T his i s  c o n s is te n t  w ith  th e  d i r e c t  m easurem ent.
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The it-  He l s - s t a t e  w id th  i s  found from th e  cascad e  c a lc u la t io n  
t o  he in  th e  range  5 eV to  60 eV. T h is  i s  in  agreem ent w ith  th e  d ire c tly -  
m easured  v a lu e s  r^g(^H e)=  Re^ ’ ^  an^  = **5.2+3.0 eV
o f  R ef. 25.
Both tw o-nucleon  model p r e d ic t io n s  f o r  th e  ^He 2p w id th , 
though  d i f f e r i n g  from  each o th e r  hy a  f a c to r  o f  s i x ,  a re  w e ll  helow  th e
upper l im i t  s e t  on t h i s  w id th  by th e  cascade  c a lc u la t io n  and th e  e x p e r i -
3 —3 3m en ta l y i e l d s :  T__( He) < 10 eV. The He r e l a t i v e  y i e ld s  a re  n o t s u f -
2P
f i c i e n t l y  p r e c i s e  f o r  th e  cascad e  c a lc u la t io n  t o  p roduce a  b e t t e r  m easure 
3
o f  th e  He 2 p - s ta te  w id th . 
kThe He p io n ic  2 p - s t a te  s tro n g  in t e r a c t io n  c a p tu re  r a t e  p ro -  
kduced by a  f i t  o f  th e  He y i e l d  d a ta  t o  cascade  c a lc u la t io n s  i s
h .6  x  1 0 ^  sec - '*' <_u>2^ S(^He) <_ 3 .7  x lO1^ sec  \
which i s  e q u iv a le n t  t o  th e  w id th  (T ab le  X I) , 3 x  10 ^ eV <_ < 8 x  10 ^ eV.
abs 12 —1T his i s  c o n s is te n t  w ith  t h e  c a p tu re  r a t e  = 2 .0  x 10 sec  deduced
Q
by E r ic so n  and F ig u re a u  from e x p e rim e n ta l y i e l d s .  However, th e s e  a u th o rs
made two n e a r ly  com pensating m is ta k e s . They u sed  th e  p io n ic  K ^/A ll-K
y i e l d  r a t i o  r a th e r  th a n  th e  a b s o lu te  ttK^ y i e l d ,  w hich was u n a v a ila b le
a t  th e  t im e , in  t h e i r  c a lc u la t io n  o f  th e  p e rc e n ta g e  o f  p io n s  c a p tu re d
from th e  2p s t a t e .  The K ^/A ll-K  y i e l d  i n  Sle (T ab le  X) i s  0 .35  +. 0 . 06 ,
w h ile  th e  K y i e l d  i s  0 .03^ +. 0 .0 0 8 . They a ls o  assumed t h a t  th e  muon and 
Ot ™*
p io n  c a sc a d e s  a re  th e  same, t h a t  i s ,  t h a t  th e r e  i s  no p io n  c a p tu re  from
U
le v e l s  h ig h e r  th a n  n = 2. That t h i s  i s  n o t t r u e  i s  in d ic a te d  by th e  He 
p io n ic  A ll-K  y i e ld  o f  0 .0 9  +. 0 .01  (T ab le  X ). I t  i s  th ro u g h  th e  above
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a p p a re n tly  f o r t u i t o u s l y  c a n c e l l in g  m is ta k e s  t h a t  th e  2p a b s o rp t io n  r a t e
li
o b ta in e d  in  R ef. 28 a g re e s  w ith  o u r  2p c a p tu re  r a t e  in  He.
Comparison o f  th e  He 2p a b s o rp t io n  r a t e  o b ta in e d  from  o u r c a s ­
cade c a lc u la t io n  w ith  th e  2 p - ls  r a d i a t i v e  r a t e  (S ec . I I . E ) ,
r a d  _ 0 . -12 -1Wgp = 3 * 2  x 10 sec  ,
shows t h a t  13$ to  5^$ o f  th e  p io n s  w hich re a c h  th e  2p s t a t e  a re  ab­
so rb e d . The t o t a l  number o f  p io n s  re a c h in g  th e  2p s t a t e  may th e n  be 
d e te rm in ed  from  th e  m easured  Ka  y i e l d  to  be k% t o  8$ ( th e  2 p - ls  Auger r a t e
i s  n e g l i g ib l e ) .  T h is  em phasizes t h a t  th e r e  m ust be a  l a r g e  amount o f
I4.
n u c le a r  c a p tu re  from s t a t e s  o th e r  th a n  th e  I s  and 2p s t a t e s  in  He. In  
th e  p re s e n t  cascad e  c a lc u la t io n  t h i s  r o l e  i s  assumed by th e  h ig h e r  ns and 
np s t a t e s  which a re  fe d  by a  h ig h ly  n o n - c i r c u la r  i n i t i a l  d i s t r i b u t i o n .
Helium o c c u p ie s  a  u n ique  p o s i t io n  in  t h a t  i t  ap p ears  t h a t  i t  
may be p o s s ib le  t o  p r e d ic t  th e  I s  and 2 p - s t a te  w id th s , th ro u g h  use  o f  a 
cascad e  program , from r e l a t i v e  y i e l d  m easurem ents. T h is  w i l l  be  d is c u s s e d  
f u r th e r  in  t h e  n e x t s e c t io n .
B. P o s s ib le  E x te n s io n s  o f  th e  Experim ent
The u n c e r ta in ty  in  t h i s  experim en t co u ld  be d e c re a se d  somewhat 
by m ere ly  in c r e a s in g  th e  amount o f  d a ta  c o l l e c t e d .  S y s tem a tic  e r r o r s  due 
t o  i n t e g r a l  n o n - l i n e a r i t y  co u ld  be  b e t t e r  s tu d ie d  by in c r e a s in g  th e  number o f  
p u ls e r  c a l i b r a t i o n  ru n s .  The u n c e r ta in ty  due to  d r i f t  d u r in g  ru n s  cou ld  be 
le s s e n e d  by h av in g  s h o r t e r ,  more numerous r u n s .  Each d a ta  ru n  shou ld  be 
b ra c k e te d  in  tim e  by  two s e t s  o f  c a l i b r a t i o n  r u n s ,  s in c e  d i f f e r e n t  c a l i b r a ­
t i o n  p eaks a r e  u s e f u l  i n  th e  a n a ly s is  o f  d i f f e r e n t  peaks in  th e  same d a ta  ru n .
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S i(L i)  d e te c to r s  w ith  much b e t t e r  r e s o lu t io n  th a n  600 eV now 
e x i s t .  A d e te c to r  w i th ,  f o r  exam ple, 150 eV t o  200 eV r e s o lu t io n  would
3
s e p a ra te  th e  m esic  x - r a y  peaks in  He, so t h a t  th e y  co u ld  be more 
r e a d i ly  h an d led  by th e  G aussian  f i t t i n g  program . The im proved s ig n a l  to  
n o ise  r a t i o  r e s u l t i n g  from  th e  use  o f  a  b e t t e r  r e s o lu t io n  d e te c to r  would 
a llo w  more p r e c i s e  d e te rm in a tio n  (w ith  th e  same s t a t i s t i c s )  o f  th e  e n e rg ie s ,  
w id th s , and y ie ld s  o f  th e  x - ra y  l i n e s  b ecau se  o f  th e  s m a lle r  background 
u n c e r t a i n t i e s .
C r i t i c a l  a b s o rp t io n  te c h n iq u e s  may be u sed  t o  im prove m easure­
m ents o f  l in e w id th s  a s  w e ll  as  e n e rg ie s .  The se len ium  K-edge l i e s  n e a r
3
t h e  He irK- l i n e .  I f  th e  p o s i t io n  o f  t h i s  edge can be moved s u f f i c i e n t l y  
P
th ro u g h  chem ical m e a n s ,^  th e  l s - s t a t e  w id th  cou ld  p o s s ib ly  be m easured 
w e ll  enough t o  d i s t i n g u is h  betw een th e  v a r io u s  assumed wave fu n c t io n s  f o r
O
He (T ab le  I I I ) .  S t a t i s t i c s  would m ost l i k e l y  b e  a  l im i t in g  f a c to r  in  t h i s  
ty p e  ex p erim en t.
Knowledge o f  th e  beam co m p o s itio n , s p e c i f i c a l l y  th e  so u rce  o f  th e  
h ig h  p io n  c o n ta m in a tio n  in  th e  muon ru n s  (S ec. I I I . C ) ,  would be n e c e s s a ry  
i f  a b s o lu te  y i e l d  m easurem ents w ere t o  be made. The muon A ll-K  y i e l d  i s  
o f  i n t e r e s t ,  s in c e  any number below  100# f o r  l i q u i d  he lium  would s tr o n g ly  
in d ic a te  t h a t  some muons c a sc a d in g  t o  th e  2s s t a t e  a re  m e ta s ta b ly  c o n fin e d  
u n t i l  a  2s +  I s  Auger p ro c e s s  o c c u rs . The e x a c t p e rc e n ta g e  co u ld  be used  
i n  c o n ju n c tio n  w ith  a  cascade  c a lc u la t io n  t o  o b ta in  th e  s t r e n g th  o f  th e  
Ruderman "mixed" t r a n s i t i o n s  (S ec. V .B .6 ). The r a t e  o f  th e s e  m ixed t r a n ­
s i t i o n s  co u ld  a ls o  be m easured d i r e c t l y  by o b se rv in g  th e  d e lay ed  x  ra y s  
a f t e r  muon s to p s .
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P io n ic  a b s o lu te  y ie ld s  and more p r e c i s e  m easurem ents o f  th e
3
r e l a t i v e  y ie ld s  co u ld  be u sed  t o  e x t r a c t  more p r e c i s e  w id th s  f o r  He 2p
and I s  s t a t e s  from  th e  cascad e  program . A bso lu te  y i e ld  m easurem ents
would be d i f f i c u l t  w ith  th e  p re s e n t  t a r g e t .  A l a r g e r  t a r g e t ,  p a r t  o f
which co u ld  be used  as  an a n t i - c o u n te r ,  would l a r g e ly  e l im in a te  th e  p ro b -
7
lem o f  s to p s  in  th e  back  w a l l .
I t  a p p e a rs  t h a t  more p r e c i s e  r e l a t i v e  y i e l d  m easurem ents by
3
th em se lv es  cou ld  be  u sed  w ith  a  cascade  program  to  d e te rm in e  th e  He l s -  
and 2 p - s t a te  w id th s  (S ec .V .C ). T h is  u n u su a l s i t u a t i o n  i s  a  r e s u l t  o f  a 
ten d en cy  in  l i q u i d  helium  f o r  th e  p o p u la tio n s  o f  h ig h e r  l e v e l s  to  concen­
t r a t e  in  th e  low er I  s t a t e s ,  w hereas in  h ig h e r  Z e lem en ts  th e  p o p u la tio n  
te n d s  tow ard  more c i r c u l a r  s t a t e s .  Thus th e  meson in  e i t h e r  he lium  i s o ­
to p e  o c c u p ie s  th e  h ig h e r  s and p s t a t e s  more o f te n ,  so t h a t  th e  y ie ld  
m easurem ents in  th e  cascade  program  a r e  more s e n s i t iv e  t o  th e  w id th  param - 
e t e r s .  For exam ple, a s  seen  in  F ig . 1 9 , th e  He y ie ld s  a r e  s e n s i t iv e  to
v a lu e s  f o r  th e  l s - w id th  p a ra m e te r  in  th e  r e g io n  below  ap p ro x im a te ly  30 eV.
1+
As m en tioned  p r e v io u s ly ,  d i r e c t  m easurem ents in d ic a te  t h a t  th e  He l s -  
s t a t e  w id th  i s  o f  th e  o rd e r  o f  U5 eV. We would ex p ec t th e  c o rre sp o n d in g
3
He w id th  t o  be lo w e r, and th e r e f o r e  to  b e  in  th e  r e g io n  more s e n s i t iv e  
to  y i e l d  m easurem ents. Even though  th e  a b s o lu te  y ie ld s  show h ig h e r  s e n s i ­
t i v i t y ,  th e  u n c e r t a in t i e s  in  th e  r e l a t i v e  y ie ld s  cou ld  be  red u ced  more 
e a s i l y  and th e re b y  become th e  l im i t in g  f a c to r  in  th e  l s - s t a t e  w id th  de­
te rm in a t io n .
The y ie ld s  a r e  seen  t o  v a ry  r a p id ly  w ith  th e  2 p - s t a te  w id th  
p a ram ete r (F ig . 2 0 ) ; t h e r e f o r e ,  im proved r e l a t i v e  y i e ld  m easurem ents would
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a ls o  d e c re a se  th e  u n c e r ta in ty  in  th e  2p c a p tu re  r a t e .  Of c o u rs e ,  d i r e c t  
m easurem ent o f  th e  l s - s t a t e  w id th  t o  b e t t e r  p r e c i s io n  th a n  in  th e  p re s e n t  
experim en t would p e rm it a  b e t t e r  d e te rm in a tio n  o f  th e  2p p a ra m e te r , s in c e  
th e  I s -  and 2 p - s t a te  w id th  p a ra m e te rs  a r e  in te rd e p e n d e n t.
Renewed e f f o r t s  a r e  b e in g  made to  c a lc u la te  th e  i n i t i a l  c a p tu re  
d i s t r i b u t io n s  in  h ig h  Z e le m e n ts .^ 1 E x ten sio n  o f  th e  c a lc u la t io n s  to  
helium  shou ld  c o n tr ib u te  enorm ously to  th e  a b i l i t y  to  d e te rm in e  
w id th s  from r e l a t i v e  y i e ld  m easurem ents and cascade  c a lc u la t io n s .
I .
I I .
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T able  l ( a ) .  M esic He t h e o r e t i c a l  t r a n s i t i o n  e n e rg ie s
O rb it in g
Meson




T ra n s i­




K le in -  
Gordon 
o r  D irac  
T ra n s i­












P o la r i ­





T o ta l
(keV)
(6)





V Ka (2p-KLs) 8.131+ 8.131* -2 20 8.150 -
Kg ( 3p-KLs) 9.61*0 9.61*0 -2 20 9.658 -
ir Ka 10 .621 10.625 -I* 32 10.655
( -1 2 .6
to
1 6 . 1 )
K3
12 .588 12.591 -1* 33 12.620 If
K^ltp-KLs) 13 .276 13 .310 -1* 33 13.339 ff
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O
T able  1 ( b ) .  M esic He t h e o r e t i c a l  energy  l e v e l  s h i f t s





F in i t e  
N u c lea r S ize  
S h i f t  
(eV)
(2)
Vacuum P o l a r i ­
z a tio n  S h i f t e 





S h i f t
(eV)
V I s 2a »c »d -20 -
2p
7a ,b ,c  
9x1 0 "1 -  0 .1 -
3p
_7° 
3x10 1 - -




-33 -16  to  +13
2p -  1
3p 1x10
Up - - -
aCooper and H en ley , R ef. 9 
^ F lu g g e , R ef. 11 
CP u s to v a lo v , R ef. 12 
^ E r ic s o n , R e f. 12 
eM ickelw ait and Corben, R ef. 13
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T able  I I .  O p t ic a l  model p r e d ic t io n s  fo r  s tro n g  i n t e r a c t io n  s h i f t s  and 
w id th s  in  p io n ic  % e
( a ) a  (b )b ( c ) C ( d ) d
A E ^ e V )  10 k - l i t  + 3I s  —
T. (eV) 58 27 5kI s
P o t e n t i a l :
Vn (MeV) 0 .9 3  0 .2 8  - l.l tOft
VjCMeV) -2 .7 7  - 1 .1 8  - 2 .  It 9
E f fe c t iv e  
P a ra m e te rs :
b®f f (* = -£ ) -0 .0 3 0  -0 .0 3  -0 .0 2 9  + 0 .001  -0 .0293  + 0.00050 IT me — —
b f f f (* ) -0 .0 8 0  -0 .0 8 7  -0 .1 0 2  + 0 .017  -0 .0 7 8  + 0 .007
1  IT — “ ■
ImB-(X^) O.Olt 0 .017  0 .036  + 0 .003  0.0lt28 + 0.00150 IT — -
aK r e l l  and E r ic s o n , R ef. U.
^ K re ll  and E r ic s o n , as q u o ted  by B a c k e n s to ss , R e f. 2 . 
cA nderson, Je n k in s  and P ow ers, R ef. 2lt. The s c a t t e r in g  p a ra m e te rs  ap ­
p e a r in g  in  R ef. 2k have been  a d ju s te d  by  k in e m a tic a l  f a c to r s  so t h a t  
th e y  may b e  compared d i r e c t l y  to  th e  o th e r  s e t s  o f  p a ra m e te rs .
'Scoch, R e f. 25 .
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T able  I I I .  Two n uc leon  c a p tu re  model p r e d ic t io n s  f o r  He s tro n g  i n t e r ­
a c t io n  w id th s
Wave F u n c tio n
From E ric so n  and F ig u reau  
l s - s t a t e  l s - s t a t e
c a p tu re  j a t e  w id th
( s e c -  ) (eV)
From D ivakaran  
l s - s t a t e  l s - s t a t e
c a p tu re  r a t e  w id th
(s e c ”l )  (eV)
G aussian
sr f t  > 0  S0B1









Irv ing-G unn  
e 0S i  > o
V i  < 0
3 .01+ 0.39x10.16





gogl  > 0
g0gl  < 0




From E ric so n  and F ig u reau
From D ivakaran
2 p - s ta te  c a p tu re  
r a t e  ( s e c " l )
6 .6x10 11
1 .1x10 11
2 p - s ta te  
w id th  (eV)
k.ltxlO -h
7.3x10 -5
^ e f .  5 
^R ef. 6
A l l  c a p tu re  channels  in c lu d e d  
^Only 2-body a b s o rp t io n  in c lu d e d
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T a b le  IV . C a l i b r a t i o n  l i n e  e n e r g i e s
Elem ent T r a n s i t io n  Energy (keV)8
57Co 57Fe Ka (2p-KLs) 6 .399+ .001b '
K g(3p^ls) T.058+0001b
y  r a y  1^ .3 8 9 ^ .0 0 6 °
^ 5Zn ^ 5Cu K 8.0l*l+ .006b
06 *
Kb 8 .905b
75Se 75As K 1 0 .5 3 2 + .001bCt “
K0 1 1 . 72ltb
P
^ h e  K and K„ v a lu e s  l i s t e d  a re  com posits  o f  K and K and KQ and KQ 
a  B a l  a 2 h
p e a k s , r e s p e c t iv e ly ,  as d is c u s s e d  i n  S ec . IV .B .
bA f te r  J .  A. B earden , Rev. Mod. P hys. 39., 78 (1967) and N uclear S p e c tro s ­
copy T a b le s , A. H. W apstra , G. I .  N ijg h , R. Van L ie sh o u t ,  N orth  H olland 
Pub. C o ., Amsterdam, 1959» p .  8 l .





































T a b le  V I .  E n e r g ie s  an d  w id th s  o f  He x  r a y s
X Ray Energy (keV) No. Runs W idtha (keV) No.
^Ka 8 ’157 - ^ 3  2 0.10 +_°Qf 0
,,v o +0.052
P $ 9 7 -0 .0 5 7
in  Cnc +0.018 „ - +0.12
a  1 0 ' 695 - 0.029 7 ° '11 -0 .11
irKg 12.671 7 0.08 +0.08




®The n e g a tiv e  u n c e r ta in ty  has b een  a l t e r e d  i n  o rd e r  to  ex c lu d e  p h y s ic a l ly  
u n reaso n ab le  n e g a tiv e  w id th s . The u n a l te r e d  u n c e r t a in t ie s  were sym m etri­
c a l  about th e  quo ted  v a lu e .
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T able  V II . ttK^, ttK^ , and irK^ in d iv id u a l  ru n  and w e ig h ted  av erag e  energy
v a lu e s  (irK and ttK„ d a ta  a ls o  shown i n  F ig . 13) a  3
Run Energy (keV )a
^  ^  ^
B1 10.72U +0.029 12 .636  +0.066
B2 10 .760  + 0 .051* 12 .657  +0.029
B3 10.6U6 +0.025 12 .6 7 8  +0.032
B^ 10 .693  +0.039 12 .678  +0.0U1
B5 10 .708  + 0.027 12 .673  +0.025
A1 10 .710  +0.030 12 .706  +0.036 13 .671  +0.098
A2 IO .676 +0.037 12 .635  + 0. 0M  13.U28 +0.075
W eighted Average
10 .695  ^ ;^ ® ( ± 0 .0 1 2 )  12 .671  (+0.013) 13-519 t ^ Q g p ^ 0-060)
U n c e r t a in t i e s  on in d iv id u a l  runs  a re  s t a t i s t i c a l  o n ly . U n c e r ta in t ie s  
on w e ig h ted  av e rag es  in c lu d e  i n t e g r a l  and d i f f e r e n t i a l  n o n - l i n e a r i t y  and 
Compton e f f e c t  u n c e r t a in t i e s  as  w e ll  as  s t a t i s t i c a l  v a lu e s .  S t a t i s t i c a l  
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T a b le  V I I I .  ( c o n t ' d . )
ay v a lu e s  were g r a p h ic a l ly  i n te r p o la te d  from  v a lu e s  g iv en  by "Photon Cross 
S e c tio n s  from 0 .001  to  100 MeV f o r  E lem ents 1 th ro u g h  100" by Storm  and 
I s r a e l ,  Los Alamos p u b l ic a t io n  LA-3733, 1967 and B earden , J .  A ppl. Phys. 
37, l6 8 l  (1966).
^  3He y w ith  in c re a s e d  u n c e r ta in ty  was u sed  f o r  He.
°No d a ta  was a v a i la b le  on y v a lu e s  f o r  m ylar o r  p o ly e th y le n e ,  so carbon 
v a lu e s  w ere u sed  w ith  in c re a s e d  u n c e r t a i n t i e s .
^A djustm ents f o r  low er te m p e ra tu re  a t  which th e s e  m a te r ia ls  w ere m ain ta in e d  
were n e g l ig ib l e .
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T a b le  IX . R e l a t i v e  y i e l d s  o f  He t r a n s i t i o n s
R e la tiv e  Y ie ld  D e s ig n a tio n  V alue No. Runs
yK /VKQ 2 . 5 5 + 0 . 8 3  3o. p
yKa/(yKa + yKg ) 0.71 + 0.09 3
irK /itK- 0.81+ + 0.09 9a  $ —
itK / ( ttK + ttK J 0.U6 + 0 .03  9
a  a  B “
7rKa/allTrK 0.38 + 0 .03 7
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T a b le  X. P io n i c  a n d  m uon ic





T o ta l  y-K 
y-Ka / a l l  y-K 





T o ta l  tt-K 
i r -K ^ /a ll  tt-K
’r- V r- iC6
^ e f .  UO
g,
He r a d i a t i v e  y i e l d s  -  a f t e r  W etm ore
Y ie ld  
0 .60  + 0 .11
0 .2 7  + 0 .06
0 .0 6  + 0 .0 3
0 .9 2  + 0 .13
0 .6 5  + 0 .05
2 .2 3  + 0 .5 3
0 . 031* + 0 .008  
0 .052  + 0 .011 
0 .009  + 0 .003  
0 .095  + 0 . 01U 
0 .3 5  + 0 .06  
0 .6 5  + 0 .1 8
i o  6
T a b le  X I . A c c e p ta b le  r a n g e s  f o r  c a s c a d e  p a r a m e te r s
D i s t r i -  S ta rk  E x te rn a l
b u tio n  m ix ing  Auger
Meson I n i t i a l  p a r  am- p a r  am- P aram ete r
and l e v e l  e t e r  e t e r  ^ Nq ( e l e c -
I s o to p e  n a  F (s e c -  ) tro n s /cm ^ )
S tro n g  I n te r a c t io n  
W idth 
I s  2p
y " - 3Hea
-  3„ b y -  He
-  li ay -  He





(Ranges g iv en  in c lu d e  end p o in ts )  
.10
< - 0 .1
< 0. 0
d






■> 9 .2  x 101 9 ) 
217 .7  x  10"
-> 2 .6  x 10'22
22
( I t .5 x  lO1 ^
-> 2 .0  x 102 0 )
3.U x  1021 
•> 1 .1  x 10
d
U.2 x  1021 
-> 8 .1  x 10'21
-  3 
IT -  He









217 .0  x  10 x p 
-> 1 .8  x 10
8.U x  1021





-U3 x lO ^ e V  
->8x10 eV
Assuming a  m e ta s ta b le  2s s t a t e .
^W ith f u l l  "m ixed" t r a n s i t i o n s  -  see  Sec . I I . B . 6.
Q
The Ky y i e l d  was n o t rep ro d u ced  by th e s e  p a ra m e te rs .
^No agreem ent betw een experim en t and cascade  c a lc u la t io n s  was found -  
see  S ec . V .B .6 .
"These v a lu e s  w h ile  s u i t a b le  f o r  t h i s  p a r t i c u l a r  c a se  w ere r e j e c t e d  b e ­
cause  th e y  a re  in c o n s i s te n t  w ith  y -% e  and a l l  p io n ic  r e s u l t s .
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T a b le  X I I .  M e a su re d  an d  p r e d i c t e d  e n e r g i e s  o f  He x  r a y s
C a lc u la te d  
e le c tro m a g n e tic  
x  ra y s  t r a n s i t i o n  energy  (keV)
M easured 
energy  {KeV)
M easured minus 




-0.0U 3 ° - 00C oU93






-0 .0 2 9
0 . 0U0'+0.018-0 .0 2 9
TTK- 12.621 1 2 . 671'+0.026- 0.038 0 ,0 5 ° - o !o38
7TK 1 3 . 31*0 13 .519+0.063-0.069 0 179+ 0- ° ?  -0 .0 6 9
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